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EIELD OF THE JNVENTION
_The present invention relates to cellulosic fibrous
structures having at least three regions distinguished by
15 intensive prpperties; and more particularly and typically to paper
having three or more regions djstingnished from one another by
basis weight, density and/or projected average pore size.

CKGROUND OF THE N .
Celliulosic fibrous structures, such as paper, are well known
zd&‘ in the art. Frequently, it is desirable to have regions of

different basis weights ﬁithin the same cellulosic fibrous
product. The two regions, as exhibited by paper in the prior art,
L . < o serve different purposes. The regions of higher basis weight
 impart tensile strength to the fibrous structure. The regions of
25 ' “* lower bpsis weight may bg'utilizéd for economizing raw materials,
particularly the fibers used in.the papermaking process and to
impartfabgpfbencyrto the fibrous structure. In a degenerate case,
the low basis weight regions may represent apertures or holes in
© the fibrous structure. However, it is not necessary that the Tow
30 basis weight regions be apertured. -
" The propert1es of absorbency and strength, and further the
property’ of softness, become important when the fibrous structure
" §s used for its intended purpose. Particularly, the fibrous .
structure described herein may be used for facial tissues, toilet
'35 tissue, and a paper towel, each of which is in frequent use today.
If these products are to perform. their intended tasks and find
wide acceptance, the products must exhibit and. maximize the
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tensile strength to the fibrous structure. The regions of 25
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be apertured. The properties of absorbency and strength, and further the '

property of softness, becone inportant when the fibrous structure is used

for its intended purpose. Particularly, 2 the fibrous structure
described herein may be used for facial tissues, toilet 35
tissue, and a papeg

| Nt and find wide a
products nust exhi it et ntud HT%‘é £ é":t‘"'e to “retain 1t physica

. during use. Absorbency is the. property of the fibrous.structure
which allows it to retain contacted fluids. Both the absolute
5 quantity of fluid and the rate at which the fibrous structure will
absorb such fluid must be considered when evaluating one -of the
aforementioned consumer products. = Further, such paper products
have been used in disposable absorbent articles such as san1tary
napkins and diapers.

10 : Several attempts have been made in the art to provide
efficient and economical means to manufacture paper having two
_different basis weights. One of the very' early attempts' is
illustrated in U.S. Patent 795,719 issued July 25, 1905 to Motz,
which patent discloses a Fourdrinier wire having a number of
15 upstanding protuberances and which is passed between two rollers.
One advance over Motz - is illustrated by U.S.. Patent 3,025,585
issued March 20, 1962 to Griswold which discloses a belt having

tapered projections 61 that rearrange fibers deposited thereon.
Various shapes of protuberances have been used in conjunction’

ceptance,

products are to perq‘vgfelr#t ﬁeﬁ%gpieg dﬁ@d&?ed Sabble.| I SERGAL Eﬁ‘aen%ﬂ) a%. thi these

'20 | with papermaking machines, yielding differing basis weight

regions, such as lew.basis weight regibns of varying shapes. For

example, U.S. Patent 3,034,180 issued May 15, 1962 to Greiner et

al. discloses protuberances which are pyramid shaped,

cross-shaped, etc. - Even the knuckles of a Fourdrinier wire may be

25 utilized as upstanding protuberances, as illustrated in U.S.
R Patent 3,159,530 issued December 1, 1964 to Heller et al.

Instead of apertures, U.S. Patent 3,549,742 issued December

22, 1970 to Benz shows a foraminous drainage member having flow

control members which project above the surface of the drainage

30 member a distince less than the thickness of the fibrous structure

formed thereon and the fibrous structure may be later densified in -

a-hard nip. Another teaching that fiber concentrations in areas
of a fibrous structure may be dispersed so that, dependent upon
the length of the. fibers, island areas of extremely thin

35 cross-section may be produced is shown by U.S. Patent 3,322,617
issued May 30, 1967 to Osborne.
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2 physical properties discussed above. Tensil e strength Is the
ability of a fibrous structure to retain its physical int .ty _during use.
Absorbency is the property of the fibrous structure which dﬂﬂ@WﬁﬁF? Aﬁ' J
retain contacted fl uids. Both the absolute 5 guant ﬁégﬁ
and the rateXat which the fibrous structure will absorb s ' 8t be
consi defed when eval uating one of the aforementioned consumer products. -
Further, such paper products have been used in di sposabl e absorbent
.articles.such as sanitary napkins and diapers 10 Sever al
attenpts have been nmde in the art provi de efficient and
econom cal neans to nmanufacture paper haV|ng3t

Finally, several attempts to provide an improved foraminous
member for making such cellulosic fibrous structures are known,
one of the most significant being illustrated in U.S. Patent
4,514,345 issued April 30, 1985 to Johnson et al. Johnson et al.

5 - teaches hexagonal elements attached to the framework in a batch
liquid coating process.
' However, one problem present with the paper made according to
each of these references is that the tensile strength of such
paper is limited by the strength of the high basis weight regions

" 10 . of such paper. If the high basis weight regions are strengthened
, by adding more f1bers, a noneconomical use of raw materiaIs
results.

Another problem with the paper made according to the
foregoing references is that the absorbency is limited by the low
15 basis weight regions of the paper. Because the low basis weight
regions are taught to be of constant density and thickness, such
paper is limited in how absorbent it will be for the user.
One explanation for the limited properties of the paper
produced according to the priof art may be that such paper is
20 produced entirely in registration with the protuberances, as
taught in the aforementioned references. That ‘is, after the
fibrous slurry which forms the paper having plural basis weights
is deposited on the Fourdrinier wire, all subsequent operations,
such as drying, etc., are carried out in registration with the
25 . high and low basis weight regions as originally_fotmedt
One attempt to vary the density of paper made according to
- the prior art is by joining two plies of the paper together and
' knob-to-knob embossing the resulting laminate as taught in U.S.
Patent 3,414,459 issued December 3, 1968 to Wells. However, while
30 this operation iﬁcreases the density of the embossed areas, it has
no effect on basis weight .and adds a converting step to the
'papermaking process _
Accordingly, it is an object of this invention to overcome
such problems of the prior art and particularly to overcome such
35 prqblems as they relate to a single lamina of paper.
- Specifically, it is an object of this invention to provide a paper
which increases the tensile strength through providing a stronger
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is an of th1s invention to provide low basis

weight regions having enhanced absorbency by providing plural
densities and/or plural projected average pore sizes in such low
basis weight regions. Further, it is an object of this . invention
to provide plural densities and/or plural projected average pore
sizes without a dedicated converting operation, such as embossing.
It is also an object of this invention to accomplish the foregoing
without radical departure from known papermaking machinery and
techniques. _

The foregoing maj be accomplished by carrying out steps in
the process of forming the claimed cellulosic fibrous structure

‘which comprise operations which are selectively applied to regions

of the fibrous structure, which selected regions are not
coincident the regions distinguished and defined by mutually
different basis weights or densities. Particularly, ;he step of
applying a noncoincident differential pressure to the fibrous
structure is wuseful. Such noncoincidence may occur through
differences in size, pattern registfation,. or combinations
thereof, between the originally formed plural basis weight and

density regions and the regions to which a differentia] pressure
is se]ect1vely applied.

RY O VENTIO .
" The product according. to the present invention comprises a
single lamina macros;opica]ly planar cellulosic fibrous structure.

hat

Vari ous shapes of protuberances have -

Pat ent 3,034,180 issued My

The cellulosic fibrous structure has at least three identifiable .

regions which may be distinguished from one another by intensive
properties appearing in a nonrandom, repeating pattern.
Particularly. intensive properties which may be used to identify
and distinguish different regions of the fibrous structure are
basis weight, thickness, density and/or projected average pore
size. '

In a preferred embodiment, the cellulosic fibrous structure

" may comprise an essentially continuous network of fibers. The

essentially continuous network has a first basis wéight' and a
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Instead of apertures, U S. Patent 3,549,742 issued December 22, 1970 to
Benz shows a foram nous drai nage nenber having fl ow control

) ich
proj ect above the surface of the drainage 30 mermberTHS BHEERNAS BEEN-
| ess than the thickness of the fibrous structure forned thereon angpt D
fibrous strgcture may be later densified in a hard R

nip. Another t°°
that. fier concentrations in areas of a fibrous structure may be dlspersed

so that, dependent upon the length of the fibers, island areas of
extrenely thin 35 cross-section may be produced Is showmn by U S
Patent 3,322,617 issued May 30, 1967 to Gsbgrne. @ 3 Finally, several

attenpts to provide an inproved foram nous

first density. Dispersed throughout the essentially continuous
network is a nonrandom, regular repeating pattern of discrete
regions having a basis weight less than the basis weight of the
essentially continuous network or a density less than the density

5 of the essentially continuous network. Within the essentially
continuous network are identifiable regions having a greater
thickness or density, preferably at least about 25 percent
greater, than the first density of the balance of the essentially
continuous network. Regions may also be identified as having a

10 smaller projected average pore size, preferably at least about 25 -
percent smaller size.

In a second embodiment, the fibrous structure may comprise
four regions. Two of the regions are adjacent and have gépera]1y
mutually equivalent relatively high basis weights. The first

15 . relatively high basis weight region has a first thickness or

' density, and the second relatively high basis weight region has a

second thickness or density which is less than the first thickness

or density of the adjacent first relatively high basis weight

region.. The other two adjacent regions have generally mutually

20 equivalent relatively low basis weights. The first relatively low

basis weight region has a first thickness or density, and the

second relatively low basis weight regions has a second thickness

or density which is less than the first thickness or density of

the adjacent first relatively low basis weight region.

25 -Preferabiy, the thickness or density diffgrence between the high
and low basis weight regions is at least about 25 percent.

~ Alternatively, the two adjacent high basis weight regions may

be distinguished by a relative difference in projected average

pore size. Likewise the adjacent low basis weight regions may be

36 distinguished by a relative difference in projected average pore

size.

Preferably, the second re]ative]y high basis weight region,
having low density; corresponds to the coincidence of differential
pressure with portions of the parent regfons, which was a

35 _ predetermined portion of the first relatively high basis weight
region. Likewise, preferably, the second relatively low basis
- wéight region, having low density, corresponds to the coincidence
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menber for meking such cellulosic fibrous structures are known, one of the
nost significant being illustrated in U S. Patent 4,514, 345 issued Apri

30, 1985 to Johnson et al. Johnson et al. 5 - teaches hexagefs
el ements attached to the framework in a batch liquid-coati Q(HHQG\EE'E.HA |
However, ong problem present with the paper nade accordingjto eagﬁpgﬂfﬂhes--
referenges is that the tensile strength of such paper is Ii y-The
strength of the high basis weight regions 10 of such paper. |If

t he hi gh basis weight regions are strengthened by adding nore fibers, a
nonecononmi cal use of raw materials resultg. Another problem wth the
paper nmade according to the foregoing references is that the absorbency .
is limted by the | ow 15 ] basi s -wei ght regions of the paper

Because the | ow bas?fs differant izl gressures with pergriens gf gheopargph region whigkity
and t hi ckness, suclwas a predetermined portion of the first relatively low basis

weight region.

The cellulosic fibrous structures described above may be made

5 _ according to the process of providing a fibrousiglurry, a liquid
pervious, fiber retentive forming element having two distinct

- topographical regions on one face and which distinct regions
orthogonally vary from the opposed face of the forming element, a

means to depbsit the fibrous slurry onto the forming element, a

10 means to apply a differential pressure to selected portions of the
" fibrous slurry, and a means to dry the fibrous slurry. The

fibrous slurry is deposited onto the forming element and a

differential pressure is applied to selected regions of the

fibrous slurry, which selected regions are not coincident the two

15 distinct topographica] regions of the forming element. The
fibrois slurry is dried to form the aforementioned two dimensional
fibrous structure. Preferably, the thickness or density
differences occurring within the high and low basis weight regions
are at least about 25 percent. '

20 Alternatively, the two adjacent high basis weight regions may
be distinguished by a relative difference in projected average
pore size. Likewise the adjacent 1low basis weight may be
distinguished by a relative difference in projected averégé pore

size. ' :

25 The selectively applied differential pressure may.be applied.

. by mechanical compression so that a nonrandom, repeating patterned
mechanical interference with the fibers results. The fibrous

. sturry may be transferred to a secondary belt having upstanding
protuberances not coincident with the topographical regions of the

30 forming element. The protuber;nces of the'secondary belt are then
compressed against a relatively rigid surface, such as a Yankee
drying drum. '

AJternatively, the selectively applied nonrandom, repeating .
patterned differential pressure may be applied by drawing a vacuum

35 across the fibrous slurry. This step may be preferentially -
accomplished by transferring the fibrous slurry from the forming
element to a secondary belt. The secondary belt has vacuum
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paper is limted in how absorbent it will be for the user. One expl anati on

for the limted properties of the paper produced according to the prior art
may be. that such paper is 20 . produced entirelyjfT eg-st+eatiaon

with the protuberances, as taught in the aforenentio J&“S ET ethSeBEEN
"That is, gfter the fibrous slurry which fornms the paper |havi nBERLAGEB!
basi s vights is deposited on the Fourdrinier wire, all subsequemnt
operations, such as drying, etc., are carried out in registration with the
25 hi gh and | ow basis weight regions as originally forned. One
attenpt to vary the density of paper made acgording to the prior art is by
joining two plies of the paper together and knob-to-knob enbossing the
resulting lam nate as taught in U S. Patent 3,414,459 issued Decenber 3,
1968 to Wells. Howevreirouswhedion8063 not -coinciddmnts wotterthiei éwo i tupographical he

density of the enbosgeshsab£afe formihg@SeTeRe .l Cfe PituliRSisStheR! dHalm ARFougRdds a
converting step tOthteh(?aer\n'ous regions of the secondary belt to dedensify and
increase the projected average pore size of the selected regions
5 of the fibrous structure in a nonrandom, r"epe_ating pattern.
D IPTION OF THE DRAWINGS
While the Specification concludes with claims particularly
pointing out and distinctly claiming the present invention, it is
believed the invention is better understood from the following
10 ' descyiption taken in conjunction with the associated drawings, in
' which like elements are designated by the same reference numeral,
: ana]ogqus elements are designated with a prime symbol and:
Figure 1 is a-plan view of a two basis weight cellulosic
fibrous structure acco'rding to the prior art;
15 ' Figure 2 1is a plan view of a three intensive region
cellulosic fibrous structure according to the present invention
and having an essentially continuous high basis weight network

with discrete densified regions. therein and discrete low basis
weight regions; '

20 ' Figure 3A is a plan view of a four intensive region creped
fibrous structure according to the present invention, as viewed
from the belt facing side of the fibrous structure and having two
high basis weight regions and two low basis weight regions, each
such basis weight defined region having a high density region and

25 an adjacent low density region;

Figure 3B is a pian view of opposite side of the fibrous
- structure illustrated in Figure 3A;
Figure 4 is a fragmentary schematic sectional view of a four
region fibrous structure according to the present invention,
30 ' having an undu'!ating surface of various thicknesses, the low basis.
~weight regions being registered with the protuberances of the
forming belt and the low density regions being.reg'ister_ed with the
noncoincident vacuum pervious regions of the secondary belt;
Figure 5 is a schematic representation of one embodiment of a
35 continuous papermaking machine which utilizes the steps of the
process according to the present invention having the

" This Sheet Has Been Replaced ' .

~ WMERERN




“paper maki ng process. Accordingly,

s an object of this invention to

overcone such problens of the prlor art -and particularly to overcone such

35 problems as they relate to a single lamr paper

Specifically, it is an object of this invention to provide gHﬁﬁé%EE%HM§hBEEN

increases the tensile strength through providing a stronge ARERIIGEDasi s
- wei ght #egion, wthout substantially increasing the nunber of TTDers

utilized to make the high basis weight region. Also, it

i s an object of

this invention to provide | ow basis wei ght regions having enhanced

absorbency by providing plural 5
proj ected average pore sizes in such | ow
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glensi ties and/or plural

protuberances and projections of the forming and secondary be]ts,
respectively, omitted for clarity;

Figure 6 is a fragmentary top plan view of the belt of the
papermaking machine of Figure 5;

Figure 7 is an enlarged fragmentary vertical sectiona] view
of the belt of Figure 6 taken along line 7-7 of Figure 6;

Figure 8 is a soft X-ray image plan view of a creped fibrous

~ structure according to the prior art; '

Figure 9 is a soft X-ray image plan view of a creped fibrous -
structure according to the present invention and particularly the
fibrous structure illustrated in Figures 3A and 3B;

Figure 10 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the low basis weight regions;

Figure 11 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the transition regions;

Figure 12 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the high basis weight regions;

Figure 13 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the low basis weight regions
and the high basis regions, .but not the transition regions;

Figure 14 is a soft X-ray image plan view of the fibrous
structure of Figure g9, showing the low basis weight regions, the
transition regions, and the high basis weight regions;

Figure 15A is an isogram of the face of a creped fibrous .
structure accordtng to the present dinvention, particu'l aﬂy the
face which contacts the forming belt; :

Figure 15B is an isogram of the opposite side of the fibrous
structure illustrated in Figure 15A;

Figure 16A is a Fourier transform of the isogram of Figure
15A; '

Figure 16B is a Fourier trinsform of the isogram of Figure
'15B; '

Figure 17 is an isogram made by digita11y subtracting Figure
158 from Figure 15A; and

Figure 18 is a Fourier transform of the isogram of Figure 17.

is Sheet Has Been Replaced

TS




basis weight regions. Further, it is an object of this invention to prOV|de
plural densities and/or plural prOJected average pore sizes p a

dedi cated converting operation, such as enbossing. It is al sThHS&HEEQ'CH
this invention to acconplish the foregoi ng 10 wi t iout rg@p@q}
departure friom known paper naki ng machi nery and techni ques. WaTa

may be @cconplished by carrying out steps in the process of forming the
claimed cellulosic fibrous structure which conprise operations which are
selectively applied to regions 15 - of the fibrous structure,

which selected regions are not coincide t he 'regi ons di stingui shed and
defined by nutually different basis weights or densities. Particul arly,

the step of applying a non00|nC|dent dlfferentlal pressure to the
fibrous structure is useful .DETA ; THEJHVENTEON occur t hrough

20 _ _ differences in size, pathgrﬂumg@glstratlon or

combi nati ons A cel]ulosic fibrous structure 20’ is  fibrous,

macroscopically two-dimensional and planar, although not

5 necessarily flat, as 1{llustrated in Figure 1l.. A cellulesic

fibrous structure 20’ does have some thickness in the third

dimension. However, the thickness in the third dimension is very

small compared to the actual first two dimensions or to the

capability to manufacture a fibrous structure 20’ having

10 relatively very large measurements in the first two dimensions.
Within the fibrous structure 20’ are various regions 24’ and 26’ -

.distinguished by a property such as basis weight, density,

projected average pore size or thickness.

~ The two-dimensional cellulosic structures 20’ are composed of

15 fibers which are approximated by linear elements. The fibers are
components of the -twofdimensional fibrous structure 20’, which

components have one very large dimension (along the longitudinal

axis of the fiber) compared to the other two relatively very small

dimensions (mutually perpendicular, and both radial and

20 perpendicular to the longitudinal' axis .of the fiber), .so that

linearity is approximated. While, microscopic examination of the

fibers may reveal two other dimensions which are small, compared

to the principal dimension of the fibers, such other two small

_ ‘dimensions need not be substantially equiva1ent or constant

25 throughout the axial length- of the fjber. It is only important

. that the fiber be able to bend about its axis and be able to bond

to other fibers. :

The fibers may be synthetic, such as polyolefin or polyester;

are preferably cellulosic, such as cotton 1linters, rayon or

30 bagasse; and more preferably are wood pulp, such as softwoods
- (gymnosperms or coniferous) or hardwoods (angiosperms or
decidnous) or are layers of the foregoing. As used herein, a

fibrous structure 20 or 20’ is considered "cellulosic® if the

fibrous structure 20 or 20’ comprises at least about 50 weight

35 ' percent or at least about 50 volume percent céllulesic fibers,
' including but not 1limited to those fibers listed above. A

cellulosic mixture of wood pulp fibers comprising softwood fibers
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thereof, between the originally formed plural basis weight and density
regi ons and the regions to which a differential pressure is selectlvely
applied. 25 BRI EF SUMVARY OF T T NVENH-ON
product according to the present invention conprises a singlfe I"dn HAS BEEN
macroscopica Iy planar cellulosic fibrous structure. The celllul osREPthOEDous
structure has at least three identifiable regi ons which may be
di stingui shed from one another by intensive 30 properties
appear.i ng in ~a nonrandom repeati ng pattern. Particularly,

i ntensive properties which may be used to idgptify and di stinguish -
different regions of the fibrous structure are basi s wei ght, thickness,
density and/ or projected average pore size. In a

preferred embodi nef@vinghe depgth &€ éb‘?‘itblzc)%st%ta(balé'% ut-8 m}/“Q‘BWFl aed. o
essentially conti mnjmtaetufoaboubfZSf toabsut 50 TWierometers, and hardwood fibers

having a length of less than about 1 millimeter and a diameter of
about 12 to about 25 micrometers has been found to work well for
5 the fibrous structures 20 described herein. ‘

It is not necessary, or even likely, that the various regions
24’ and 26’ of the fibrous structure 20’ have the same or a
uniform distribution of hardwood and softwood fibers. Instead, it
is likely that ‘a lower basis weight region 26’ will have a higher
10 percentage of softwood fibers than a higher basis weight region
24'. Furthermore, the hardwood and softwood fibers may be layered

throughout the thickness of the cellulosic fibrous structure 20’.

If wood pulp fibers are selected for the fibrous structure

20, the fibers may be produced by any pulping process including
15 chemical processes, such as sulfite, sulphate and soda processes;

and mechanical processes such as stone groundwood. Alternatively,

the fibers may be produced by combinations of chemical and

mechanical processes or may be recycled. The type, combination,

and processing of the fibers used in the present invention are not
20 . critical to the present invention.

The fibrous structure 20 according to the present invention
comprises a single lamina even if multiple layers of fibers are
present. However, it is to be recognized that two single laminae
may be joined in face-to-face-felation to form a unitary laminate.

25 , A structure according to the present invention is considered to be
"single lamina" if it is taken off the forming element, discussed
below, as a single sheet having a thickness, when dried, which
does not change unless fibers are added to or vemoved from the
sheet. The cellulosic fibrous structure 20 may be later embossed,

30 or remain nonembossed, as desired.

With reference to Figure 1, it is understood from the prior
art that the two region fibrous structure 20’ according to the
prior art may be defined by discriminating regions 24’ and 26’

. having -differiﬁg intensive properties. For example, as

- 35 illustrated in Table I, the basis weight of the fibrous structure
20’ provides an intensive property which distinguishes the two

regions 24’ and 26° of the fibrous .structure 20’ from each other.
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essentially continuous network has a first basis weight and a
density. Dispersed throughout the essentially continuous

nonr andom

wei ght less than the basis weight of the-essentially contf nuou
a den5|ty | ess than the density 5 of the esse

hnet wor Ky"

percent greater,
conti nuous net wor K.

proj-ected average pore size, preferably at
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mork 'S a

repeating pattern of discrete regions

Wthin the essentially continuous network are |dent|f|ab €
regions having a greater thickness or density, preferably at |l east about 25

than the first density of the balance of the essentially

Regi ons may al so be iden gfled as having a smaller
st about 25

'These two regions 24’ and 26’ may be the parent regions, from

which the other regions are formed in the fibrous structures 20 of
Figures 3A and 3B.

able
; Region Relative Basis Weight
Relative Density _
24’ High Medium
26’ Low Medium

It is to be understood that rather than using basis weight as the
intensive property discriminating the two regions 24’ and 26’,
density or projected average pore size could be used as an
intensive property to distinguish the two regions 24’ and 26°.

As shown in Figure 2, the cellulosic fibrous structure 20
according to the present'invention has at least three distinct
regions 24, 26, and 28. The regions 24, 26, and 28 are
distinguished by intensive properties of the structure 20. As:
used herein a property is considered “intensive" if it does not
have a value dependeni upon the aggregation of values in the
fibrous structure 20. Examples of intensive properties include
the basis. weight, density, projected average pore size,
temperature, specific heat, compressive and tensile moduli, etc.,
of the fibrous structure 20. As used herein properties which
depend upon the aggregation of'varioqs values of subsystems or
components of -the fibrous structure 20 are considered "extensive.”

. Examples of extensive properties include the weight, mass, volume,

hgat.capacity and moles of the fibrous structure 20:
Intensive and extensive properties may be further classified

as intensive or extensive within the two dimensions corresponding

to the plane of the cellulosic fibrous structure 20 or extensive
in three dimensions, depending upon whether or not fibers may be
aggregated in two or in three dimensions without affecting the
property. “For example, if fibers are aggregated to the cellulosic
fibrous structure 20 in its plane, making the cellulosic fibrous
structure 20 cover a greater surface area, the thickness of the

-
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percent smaller size. In a second enbodi nent; the fibrous structure may
conprise four regions. Two of the regions are adjacent and |
mutual Iy equivalent relatively high basis weights. The
relatively high basis weight region has a first thickness
the second relatively high basis weight region has a second t R
density+~which is less than the first thickness or density of the adj acent
first relatively high basis weight region. The other two adjacent regions
‘have generally nutually 20 equi val ent relatively |ow basis

wei ghts. The first relatively | ow basis me|g$ region has a first

t hi ckness or density, and the second relativefy |ow basis weight regions
has a second thickness or density which is less than the first thickness or
density of the adieAteNsic flibvoas strucfureiaochymains QNaffeeesd.S BMET Oithe

region. 25 £ibBFETRE AghregatddCol NupéMmpes 1 Biontfith Edtnet foksdsel Chice
between the high of the cellulosic fibrous structure 20, the thickness is affected.
| Thus, thickness is a two dimensional intensive property. However,

s adding fibers to the cellulosic fibrous structure 20 in either.
‘manner specified above does not affect the tensile strength per
unit of cross sectional area of the cellulosic fibrous structure
20. Therefore, tensile strength per unit of cross sectiona] area
is a three dimensional intensive property.

10 The fibrous structure 20 according to the present invention
has regions 24, 26, and 28 having at least two distinct basis
weights which are divided between at 1least two identifiable
segments, hereinafter referred to as “regions,” of the fibrous
structure 20. As used herein, the "“basis weight" is the weight,

15 measured in grams force, of a unit area of the fibrous structure

: 20, which unit area is taken in the plane of the fibrous structure
20. The size of the unit area from which the basis. weight is
measured is dependent upon the relative and absolute sizes of the
regions 24, 26, and 28 having differing basis weights. .

20. It will be recognized by one skilled in the art that within a
given region 24, 26, or 28, ordinary and expected basis weight
fluctuations and variations may occur, when such given Eegion is
considered to have one basis weight. For example, -if on a
microscopic level, the basis weight of an interstice is measured,

25 © an apparent basis weight of zero will result when, in fact, unless
an aperture in the fibrous structure 20 is being measured, the
basis welght of such region 24, 26 or 28 is greater than zero.
Such fluctuations and variations are a uorma'l and expected result
of the manufacturing process.

30 Two regions 24, 26 or 28 of the fibrous structure 20 are
considered to have different basis. weights if the basis weight of
the regions 24, 26 and 28 varies by at least about 25 percent of
the higher basis weight value. In -a fibrous structure 20
according to the present invention,'the basis weight differences

35 between the regions 24, 26 and 28 occur in a nonrandom repeating
pattern, corresponding to a pattern in the liquid draining, fiber
retentive forming element described more fully below. Otherwise,
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and | ow basis weight regions is at |east about 25 percent. Alternatively,

the two adjacent high basis weight regions nay be distinguished by a

relative difference in projected average pore size. Likew " :

| ow basi s weight regions may be 30 di st i ngui shed gy’ a ’T”ifl aHAS/eg EEN

- difference in projected average pore size. Preferably, thed_secoB&PLACED
correspond

relatively high basis weight region, having | ow density,
coi nci dence of differential pressure with portions of ‘the parent regions,
predeterm ned portion of the first relatively high

~which was a 35
basi s wei ght region. Li kew se, preferably the second relatively | ow
corresponds to the coincidence

basis wei ght region, having | ow density,

if the variation of .the region 24, 26 or 28 of " the fibrous
structure 20 under consideration is less than about 25 percent,
the region 24, 26, or 28 is considered to comprise one region 24,
26, or 28 of a -singulai‘ and particular basis weight having a
5 variation of +/- 12.5 percent about a median value..

It is not necessary that exact boundaries divide adjacent
regions 24,'26, or 28 of different basis weights, or that a sharp
demarkation between adjacent regions 24, 26, or 28 of different
basis weighté be apparent at all. It is only important that the

10 distribution of fibers per unit area be different in different
: positions of the fibrous structure 20 and that such different
distribution occurs in a nonrandom, repeating pattern.

It will be abparent to one skilled in the art that there may
be small transition regions having a basis weight intermediate the

15 basis .weights of the adjacent regions 24, 26, or 28, which
transition regions by. themselves may not be significant enough in
area to be considered as comprising a basis weight distinct from
the basis weights of either adjacent region 24, 26, or 28. Such
transition regions are within the normal manufacturing variations

20 known and inherent in producing a fibrous structure 20 according

: to the present ‘invention.
The intensively distinguished regions 24, 26, and 28 of the

 fibrous structure 20, such as regions 24, 26, and 28 having
_ different basis weights, are disposed throughout the fibrous
25 structure 20 in a nonrandom, repeating pattern. The patterned
' regions 26 and 28 may be discrete, so that adjacent regions 26 or
28 having the same basis weight are not contiguous.
Aiternatively. a region 24 having one basis weight throughout the

entirety of the fibrous structure 20 may be continuous, so that .
30 spch region 24 extends substantially throughout the fibrous
' structure 20 in one or both of its principal dimensions. By being
}nonrandom,' the intensively defined regions 24, 26, and 28 are
considered to be predictable, and may occur as a result of known
- and predetermined .features of the apparatus used in the

'35 ' mariufacturing process. By *repeating” the pattern is formed more
than once in the fibrous structure 20.
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6 of differential pfessure W th portioné of the parent region which was a
predeterm ned portion of the first relatively |ow basis weight region. The

cellulosic fibrous structures described above may be nade ac gms 5@%
process of providing a fibrous slurry, a liquid pervious, e ntAS BEEN
form ng elengnt having two distinct topographical regions on&EPBAGEDaNd
whi ch dfstinct regions orthogonally vary fromthe opposed face of the

form ng elenment, a neans to deposit the fibrous slurry onto the form ng

el enent, a 10 means to apply a differential pressure to sel ected
portions of the fibrous slurry, and a nmeapg to:wdry the fibrous slurry.
The fibrous slurry is deposited onto the formng el enent and a differenti al
pressure is applied to selected regions of the fibrous slurry, which

sel ected regi ons are nd®f cesunss.ddibt ishdot e recognized that if the fibrous

structure 20 is very large as manufactured, and the regions 24,
26, and 28 are very small compared to the size of the fibrous
structure 20 during manufacture, e.g. varying by several orders of

5 magnitude, absolute predictability of_the exact dispersion and
patterns among the various regions 24, 26, and 28 may be very
difficult or even impossible. However, it is only important that
such intensively defined regions 24, 26, and 28 be dispersed in a
pattern substantially as desired to yield the performance

10 _ properties which render the fibrous structure 20 suitable for its

) intended. purpose.
The size of the pattern of the fibrous structure 20 may vary
. from about 1.5 to about 388 discrete regions 26 per square
centimeter (from 10 to 2,500 discrete regions 26 per square inch),

15 preferably from about 11.6 to about 155 discrete regions 26 per
square centimeter (from 75 to 1,000 discrete regions 26 per square
inch), and more preferably from about 23.3 to about 116 discrete
regions 26 per square eentimeter'(from 150 to 750 discrete regions
26 per square inch). It will be apparent to one skilled in the

20 art that as the pattern becomes finer (having. more discrete

© regions per square centimeter) a larger percentage of the smaller
sized hardwood fibers should be utilized, and the percentage of
the tlarger—-ﬁized softwood fibers should be correspondingly

" reduced.

25 If too many large sized fibers are utilized, the fibers may
not be able to conform to the  topography of the apparatus,
described below, which produces the fibrous structure 20. If the
fibers do not properly conform, fibers may bridge various

- topographical regions of the apparatus, leading to a random.
30 pattefned fibrous structure 20. A mixture cemprising about 0 to
about 40 percent northern softwood kraft fibers and about 100 to
"about 60 percent hardwood cheﬁi-thermomechanica] pulp fibers has
been found to work well for a fibrous structure having about 31.0
to about 46.5 discrete regions per square centimeter (200 to 300

35 discrete regions 26 per square inch).

_Referring to Figures 1 and 2, the regions 24, 24‘, 26 and 26’
of differing basis weights may be arranged within the fibrous
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15 ' di stinct topographical regions of "the formng elenent.
The fibrous slurry-is dried to form'the aforenentioned two

fibrous structure. Preferably, the thickness or

di fferences occurring within the high and | ow basis wei ght

| east about 25 percent. 20 Al ternatively, {1 . _
hi gh basis weight regions may be distinguished by a relative dlfference 9
proj ected average pore size. Li kewi se the adjacent low basis weight
my be dlstanU|shed by a relative difference in projected average pore
size. 25 The selectively appligd diffferential pressure may
be applied by mechanical conpression so that "a.nonrandom repeating .
patterned mechanical interference with the fibers results. The fibrous

slurry may be transstruciagte t @0 aosee®ndaspedievdlyliaso Nghatosthendiegibn 24 of
protuberances not CQIREIvVER highdrN({f18nd FREBUE KEratlurs 99" WbipYsed NRgions.
' 24’ and 26’ of two distinct basis weights as in Figure 1) or
highest (if the fibrous structure 20 comprises regions 24, 26, and

5 28 of three or more distinct basis weights as in Figure 2) basis
weight is essentially continuous in at 1least one direction

throughout the fibrous structure 20. Preferably, the continuous

direction is parallel the direction of expected tensile loading of

the finished product according to the present invention.

10 , If the fibrous structure 20 illustrated in Figure 2 is to be
' used as a consumer product, such as a paper towel or a tissue, the

high basis weight region 24 of the fibrous structure 20 is

preferably essentially continuous in two orthogonal directions

within the plane of the fibrous structure 20. It is iot necessary

15 that such orthogonal directions be parallel and perpendicular the
‘edges of the finished product or be paraliel and perpendicular the

direction of manufacture of the product, but only that temsile

strength be imparted to the product in two orthogonal directions,

so that any applied tensile loading may be more readily

20 accommodated without premature failure of the product due to such
~ tensile loading. :

If a region 24, 26 or 28 of a particular basis weight forms a

repeating unbroken pattern throughout at least a portion of the

fibrous structure 20, the fibrous structure 20 is considered to

25 : have an “essentially continuous network" of such region 24, 26 or
28 within such portion of the fibrous structure 20, recognizing

that interruptions in the pattern are tolerable, albeit - not

preferred, so long as such interruptions do not substantially

adverse1y affect the material properties of such portion of the

30 fibrous structure 20. An example of an. essentially continuous
network is the high basis weight region 24 of the fibrous

structure of Figure 2. Other examples of two region fibrous

structures 20’ having essentially continuous networks = are

disclosed in U.S. Patent 4,637,859 issued January 20, 1987 to

35 Trokhan and incorporated herein by reference for the purpose of

showing a fibrous structure 20’ having an e;sent1a11y continuous
network.
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30 form ng el ement. The protuberances of the secondary belt are
then conpressed against a relatively rigid surface, such as a Yankee drying
drum Alternatively, the selectively applied nonrandom rep‘aLlanpa%terned

differential pressure may be applied by drawi ng a vacuum 35 ”AbtﬁfN"
across the ¢ fibrous slurry. This step my be preferemt LACED
acconpl Fshed by transferring the fibrous slurry fromthe fornng ele

to a secondary belt. The secondary belt has vacuum 7 pervious
regions 63 not coincident with the two topographical regions of the formng
el ement. The vacuumis then drawn through theggpervious regions of the
secondary belt to dedenS|fy and

Furthermore, by prov1ding an essential]y continnons network
high basis weight region 24, contact drying of the fibrous
structure 20 may be enhanced. The enhanced contact drying, of
course, requires that the essentially continuous high basis weight

5 network 24 lie on and define one of the exposed faces of the
fibrous structure 20. .

_ Conversely, the low basis weight regions 26 may be discrete
and dispersed throughout the high basis weight essentially
continuous network 24. The low basis weight regions 26 may be

10 : thought of as islands which are surrounded by a circumjacent

: essentially continuou§ network high basis weight region 24. The
discrete low basis weight regions 26 also form a nonrandom,
repeating pattern. The discrete low basis weight regions 26 may
be staggered in, or may be aligned in, either or both 6f the

15 aforementioned two orthogonal directions._ Preferably, thg high
basis weight essentially continuous network 24 forms a patterned
network circumjacent the discrete low basis weight regions 26,
although, as noted above, small transition regions may be
accommodated. '

20 In a degeneérate case, the low basis weight regions 26 have an
‘approximately or identically zero basis weight and represent
apertures 26 within the essentially continuous network 24 of the
fibrous structure 20. It is to be recognized that apertures 26
may have a near zero basis weight and still be considered

25 © apertures. As is known in tpe art, dependent upon the length of
the fibers, the transverse dimension of the protuberances 59,
discussed below (see Figures 6-7) and used to form the low basis
weight regions 26, and the relative movement between the fibrous
slurry at the time of deposition and the liquid pervious fiber

30 retentive forming element onto which the fibrous slurry is
deposited, some fibers may bridge the apertured low basis weight
regions 26, preventing the basis weight therein from being
absoluté zero. Such small variations are known and commonly
expected -in the art and do not preclude the resulting cellulosic

35 fibrous structure 20 from appearing to be and functioning as an
apertured fibrous structure 20.
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I ncrease the projected average pore size of the selected regions 5

of the fibrous structure in a nonrandom- repeating pattern. BRIEF
DESCRI PTI ON OF THE DRAW NGS Wi | e the Specification concl udg

particularly pointing out and distinctly claimng the presertHth%@'
is believed the invention is better understood fromthe fol owi ngy
description taken in conjunction with the associated draw ngs, =
li ke el ements are designated by the sane reference nuneral, anal ogous
el ements are designated with a prine synbol and: Figure 1 is a plan view
of a two basis weight cellulosic fibrous strgfture according to the prior
art; 15 Figure 2 is a plan view of a three
intensive region cellulosic fibrous structure according-to the present

i nvention and havi ng amtetieenppoaitey endrofi theo ezpetiterh range 9f ViRis§s twelightepr k
with discrete densighbedu 69 Weight"PégRbRs 26 ha¥k SE mekfiub BYsPESlefght about
75 percent of the basis weight of the high basis weight regions 24
_ and 28. If the basis weight of the low basis weight regions 26 is
5 greater than about 75 percent of the basis weight of the high
basis ‘weight regions 24 and 28, the fibrous structure 20 is
considered-to 1ie within the expected variations of a single basis
weight fibrous structure 20. -
N Referring to Figure 2, the basis weight of the low basis
10 - weight regions 26 relative to the basis weight of the high basis -
weight regions 24 is dependent upon the particular performance
characteristics desired in the finished product and the competing
interests of using avai'lab]e,'materia'ls in the most . economical
manner, consistent with obtaining the desired perfo}mance'of the
15 : finished product. For example, while zero basis weight apertured
regions 26 may represent the most economical use of raw materials,
the consumer may react negatively to a consumer product, such as a
paper towel or tissue, which is apertured. However, low basis
weight -regions 26 may be advantageously employed in such a product
20 to proyide areas of increased absorbency and retention of fluids
which are deposited on or otherwise come in contact with the
fibrous structure 20. Furthermore, the low basis weiéht regions
provide areas of reduced section modulus so that the fibrous
structure 20 is more compliant, and has a softer feel to the
25 user. : _
Preferably, the low basis weight regions 26 comprise about 20
‘percent to about 80 percent of the total surface area of the
fibrous structure 20, and more preferably about 30 percent to
about 50 percent of the total surface area of the fibrous
30 structure 20. The aggregate of the two relatively high basis
weight regions 24 and 28, described below, comprises the balance
of the total .surface area of the fibrous structure 20. As noted
above, relative to the three region’ fibrous structure 20, if
greater tensile strength is desired in the final product, the
35 ~ aggregate of the surface areas of the two regions 24 and 28 of
higher basis weight should be relatively greater. 'Converqely, if
- increased absorbency and softness are desired, the percentage
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wei ght regions; 20 Figure 3Ais a plan view of a four
I ntensive region creped fibrous structure according to the present

invention, as viewed fromthe belt facing side of the fibro cture and
having two hi gh basis weight regions and two | ow basis wei ght'HfS&ghp i

such basis weight defined region having a high density regijon angg ASEEEN
an adj aecent |ow density region; Figure 3B is a plan view of op e

of the fibrous structure illustrated in Figure 3A; Figure 4 is a

fragmentary schematic sectional view of a four region fibrous structure

according to the present invention, 30 havi ng an undul ating
surface of various thicknesses, the |ow basilg. wei ght regi ons being

regi stered with the protuberances of the formng belt and t-he | ow density
regi ons bei ng regi stefiacel ardah éfhetheontom rbasiienteight uregiper \260 shouldgitens of

the secondary belt jjpereased. _
Each region 24, 26, and 28 of the fibrous structure 20 has an
associated density. As used herein, "density® refers to the ratio

5 of the basis weight to the thickness (taken normal.to the plane of
the fibrous structure 20) of a region 24, 26, or 28 of the fibrous
structure 20 under consideration. The density is independent of,
but related to, the basis weight of the different regions 24, 26,
and 28 of the fibrous structure 20. Thus, two regions 24, 26, or

10 28 of differing basis weight may have the same density, or two
regions 24, 26 or 28 of the same basis weight may have different
densities. ' o - | _

If desired, density may be indirectly inferred through a
related intensive property, average pore size. Generally, average -

15 pore size and density are generally inversely proportional.
However, it is to be recognized that as the basis weight of a
particular region 24, 26, or 28 increases beyond a certain point,

. the capillaries will be occluded by superimposed fibers, giving
~ the appearance of a smaller capillary size.

20 In the direction normal to the plane of the fibrous structure
20, the regions 28 of higher density will typically have a smaller
average pore size as projected in two dimensions than regions 24
and -26 of lower density, without regard to the basis weight of
such regions 24, 26 or 28. = ) :

25 Rgfgrring to Figure -2, the régions'24 and 26 defined and
described by basis weight may be further intensively subdivided
and described according ‘to relative density differences which
occur in such basis weight intensively defined regions 24 and 26.
‘While differences in density among the Jow basis weight regions 26

30 may occur, in a fibrous structure 20 having three regions.24, 26,
and 28 it is more important that differences in density occur in
the high basis weight regions 24 and 28. S

The reason underlying this importance is that as the density
of the high basis weight regions 24 and 28 (or of the low basis

35 veight regions 26 for that matter) increases, the degree of
bonding of overlapping fibers also {increases, providing for
increased tensile strength of that region. Because the tensile
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Figure 5 is a schematic representation of one enbodi nent of a 35
cont i nuous paper maki ng machi ne which utilizes the steps offTh
accordi ng to t he pr esent i nvention  having t he
pr ot uberances and projections of the form ng and secondar§
respectively; omtted for clarity; Figure 6 is a fragnentary
.of the belt of the papernaking machine of Figure 5; 5 .
Figure 7 is an enlarged fragmentary vertical sectional view of the.belt o}
Figure 6 taken along line 7-7 of Figure 6; Figure 8 is a soft X-ray inmage
pl an view of a creped fibrous structure accoiglng}to the prior art;

stfength of the fibrous structure 20 is controlled by the high

basis weight essentially continuous network region 24, it is

therefore more important that increased density (and hence tensile

- strength) be provided in such high basis weight essentially

5 continuous network 24 than in the low basis weight regions 26,
because increasing the density (and hence tensile strength) of the

Tow basis weight regions 26 of the fibrous structure 20 will have

_little effect on the tensile strength of the fibrous structure 20.

The regions 28 of increased density may be coniihuous, forming a

10 secondary network within the high basis weight essentially
continuous network 24-or, as illustrated in Figure 2, may be
discrete.

To provide efficacious results, based on measurable increases

. in tensile strength, the difference in density between the

15 discrete densified regions 28 dispersed throughout the high basis

- weight essentially continuous network 24 and the balance of the

 high basis weight essentially continuous network 24 should be at

least about 25 percent, and breferably at least about 35 percent.

_ Thus, the difference between the densities of the high demsity

20: region 28 and the low density regions 24 and 26 should be at least

' ’ about 25 percent and preferably at least about 35 percent. If the

difference in density is less than about 25 percent, such

differences may fall within the normally ekpected manufacturing

variations-of fibrous products, and may not, in all likelihood,

25 - represent a significant, quantifiabﬂe difference in tensile

' - strength.

As noted above, relative to the regions 24, 26 and 28 ‘having

different basis weights, it is not necessary that the regions 24,

26 and 28 of different densities have exact boundaries or that

30 - exact lines of demarkation between adjacent regions 24, 26, and 28

of different densities be apparent at all. It is only necessary

that increased bonding occur, so that failure of the bonds of

adjoining fibers is minimized in the presence of tensile loading.

Also, as noted above relative to adjacent regions having different

35 - basis weights, small transition zones between the adjacent
different density regions 24 and 28 may be present without .
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Figure 9 is a soft X-ray image plan view of a creped fibrous 10

structure according to the present invention and particularly the flbrous
structure illustrated in Figures 3A and 3B; Figure 10 is a soft X-ray image
pl an view of the fibrous structure of Figure 9, show ng q
wei ght regions; Figure 11 is a soft X-ray image plan vie
structufe of Figure 9, showing only the transition regi ofs; Nl
soft X-ray image plan view of the fibrous structure of Figure 9, Showrng
only the high basis weight regions; Figure 13 is a soft X-ray imge pl an
view of the fibrous structure of Figure 9, sjowi ng only the |ow basis
wei ght regions 20 and the high basis regi'ons, but not the
transition regions; Figure 14 is a soft X-ray imge plan view of the
fibrous structure @Hversglr caffectinguithg tdesivesw peapertieei gift thegi Bibsoust he
transition regionssteudutdh@ohi gh basis wei ght regions;

Thus, a fibrous structure 20 manufactured according to the

present invention has three intensively distinct regions 24, 26

5 - and 28. With reference to Table II, the first and third regions
24 and 28 are of a relatively high and substantially mutually

equivalent basis weight. The second region 26 is of relatively

low basis weight. The density of the second region 24 is
intermediate the densities of the first and third regions 26 and

10 28. The third region 28 is of higher density than is either the
first region 24 or the second region 26. The first region 24

forms an essentially continuous network while the second and third .
regions 26. and 28 are discrete.

15 . Table I1
Region Relative Basis Weight Relative Density
24 High Medium
26 Low : Low
'20 ' ) 28 ) High Hi gh

Referring to Figures 3A and 3B, it is also feasible to
provide a four region intensively distinguishable fibrous
structure- 20. Such "a four region ‘fibrous §tructure 20 may

25 - comprise - two regions 30 and- 32 of ~substantially mutualIy
_ equivalent and relatively low basis weight and two regions 34 and
36 of substantially mutually equivalent relatively high basis _
weight. As ilIustrated'in Table III, the two low basis weight
intensively distinguishable regions 30 and 32 are further
30 distinguished by having mutually different densities, these
: densities being the lesser two densities of such a fibrous
structure 20. Likewise, the re]ativeiy high basis weight
intensively distinguishable regions 34 and 36 are further
distinguished by having mutually different densities, these

35 ' densities being the greater two densities of such a fibrous
' structure 20.
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Figure 15A is an isogramof the face of a-creped fibrous 25 _
structure according to the present invention, particularly the face which
contacts the formng belt; Figure 15B is an |sogran1of t pe~apposi te side of
the fibrous structure illustrated in Fi gure 15A; Figure 1BWS|§ :
transform of; the i sogram of Figure 30 15A; Figure 1:5,_
Fourierstransform of the isogramof Figure 15B; Figure A bAS
made by digitally subtracting Figure 15B from Figure 15A; and 35
Figure 18.is a Fourier transformof the isogramof Figure 17.

1

21
able 111
Region ~ Relative Bgsis Wéight Relative Density
30 - Low ‘ Low .
5 32 Low . Very Low
34 ~ High _ , High
36 ‘ High _ Medium

As illustrated in Figures 3A and 3B, the high basis weight,
10- high density region 34 comprises an essentially continuous
- network, which has the advantages of increased bonding of fibers
(due to the relatively high density) and a high basis weight to
provide a relatively large quahtity of fibers for distribution of
tensile loading. This region 34 will typically control the
' 15  tensile strength of the fibrous structure 20.

' The high basis weight, medium density regions 36 are
typically discrete, although, if made large enough relative to the
other three regions 30, 32, and 34, may also form an essentially
continuous network, independent of whether any other fegion 30, 32

20 or 34 forms an essentia11y_continhous network. Whether discrete
or essentially continuous, the two high basis weight regions 34

-and. 36, both alone and when aggregated, are disposed in a

nonrandom, repeating-pattern. The two high basis weight regions

- 34 and- 36 are typically adjacgnt, due to factors present in the
25 mapufa;turing process described below. -
The two low basis weight regions 30 and 32 are typically and

preferably discrete. Preferably, the low basis weight, very low

density regions 32 represent a larger percentage of the surface

area of the fibrous structure 20 than the low basis weight, low

30 ' density regions 30 - so that the maximum savings of raw materials
occurs. Whether discrete or essentially continuous, the two low

basis weight regions 30 and 32, both alone and when aggregated,

are disposed in a nonrandom, repeating pattern.

It 'is not necessary that the four {intensively defined and

a5 distinguished regions 30, 32, 34, and 36 be of equivalent
thicknesses, or that the four regions 30, 32, 34, and 36 be
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9 DETAI LED DESCRI PTION OF THE | NVENTI ON THE PRODUCT A cellul osic

fibrous structure 20' is fi brous, macroscopi cal
t wo- di nensi onal and pl anar, al t hough not 5 THIS RS
flat, as illustrated in Figure 1. A cellulosic filbprous"™ s

20" does have some thickness in the third dinensiont EILA
thickness in the third dinmension is very small conpared to the act
two dinensions or to the capability to mnanufacture a . fibrous structure

20" having 10 relatively very |arge measurenments in the first
two di nensions. Wthin the fibrous structuren,20' dre various regions 24
and 26' distinguished by a property such as basis weight, density,
proj ected average pore size or thickness. The two-di nensional cellulosic
structures 20' "are léwitpdstel to or to even three distinct thicknesses. For

example, typically the low basis weight, very low density regions
32 of the fibrous structure 20 will be of greater thickness than
the low basis weight, low density regions 30 of the fibrous
5 structure 20, due to factors present in the manufacturing process
described below. Similarly, typically the high basis weight,
medium- density regions 36 of the fibrous structure 20 will be of
greater thickness than the high basis weight, high density regions
34 of the fibrous structure 20, due to the same factors present in
10 the manufacturing process. v .

Further, the high basis weight, high density regions 34 may
be of lesser thickness than the low basis weight, very low density
regions 32. However, the relative thickness between the high
basis weight, medium density regions 36 and the low basis weight,

15 very low density regions 32 and the relative thickness between the
high basis weight, high density regions 34 and the low basis
weight, Icw density regions 30 may vary 'so that it may be
difficult to predict that one such region 36 or 32 will always
have a greater or lesser thickness than the other such region 34

20 or 30.

For example and as stated in Table III, typically the high
basis weight, high density region 34 will be of greater density
than the high basis weight, medium density region 36. Further,
the . Jow density,. low basis weight region 30 will be of greater

25 density than the Tow basis weight, very low dénsity region_3z.
However, the density of the high basis weight, medium density
region 36 may be greater than, less than or equivalent the density
of the low basis weight, low density region 30. The relative
difference between the densities of these regions 36 and 30 is

© 30 dependent upon the ratio of the basis weights to the thickness of
such regions 36 and 30, _

Such differences in thicknesses between the regions 30, 32,
34, and 36 may be accomp]ished, as described below, by eithcr
compressing fibers of the regions 30 and 34 having a lesser.

35 thickness or by ' expanding normal to the plane of the fibrous
structure 20 the fibers of the regions 32 and 36 having greater

- thickness. However, it is to be recognized that typically the
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15 ‘fibers which are approxi mated by |inear elenents. ~The fibers
are conponents of the two-di nensional fibrous structure 20

conponents have one very large dinension (along the |ongijftt
the fiber) conpared to the other two relatively very smafl

(rmutually  wperpendicul ar, and bot h radi al and 20
perpendikcul ar to the longitudinal axis of the fiber), so that .
i s approxi mated. Wiile, microscopic exam nation of the fibers may reveal

two ot her .dinmensions which are small, conpared to the principal dinension
of the fibers, such other two snall di nensi ons need not be substantially
equi val ent or constant 25 . through@ét the axial |ength of the
fiber. It is only inportant that the fiber be able to bend about its axis

and be able to bonguitepat BErthbel aﬂeﬁnesIha.df e By Ny bﬁhsmfheﬁé Gwo Sibwh as

pol yol efin or POl YERNE" wefyht BEfioRl 50 Yafi 32U T Coe SHitlafiy Qhiviend.nt o7
Likewise, the product obtalngd by multiplying the th1ckness and
density for either of the high basis weight regions 34 and 36 will

5 be mutually equivalent. For regions 30, 32, 34 and 36 having
: equal basis weights, thickness and density are inversely
proportional.

Preferably, the aggregate of the projected surface areas of

the two low basis weight regions 30 and 32 comprises about 20

10 - - percent to about 80 percent of the total area of the fibrous

: structure 20, and preferably about 30 to about 50 percent of the

projected total surface area of the fibrous structure 20. The

aggregate of the projected surface areas of the two relatively

high basis weight regions 34 and 36 comprises the balance of the

15 projected surface area of the fibrous structure 20. As noted

above, relative to the three region fibrous structure of Figure 2,

if greater tensile strength is desired in the final product, the

aggregate of the two regions 34 and 36 of higher basis weight

should be relatively greater. Conversely, if increased absorbency

20‘ or softness is desired, the aggregate of tﬁe two Tow basis_weight
reg1ons 30 and 32 shou]d be increased.

Several variations to the fibrous structures 20 according to
the - present invention. are feasible. For example, it is not
necessary that the fibrous structures. 20 be limited to two basis

25 weights, as disclosed above, or to four -densities as disclosed
above. It is possible that fibrous structures 20 according to the
present invention may have three or more regions defined by basis
weights and also more than four regions defined by densities. -

) Therefore, the combinitions and permutations of regions-baséd upon

30" the product of regions having differing basis weights and
differing densities is almost limitless, but is certainly at least
three and four, as noted above, and may be greater as shown below.

‘Other ways exist to increase the tensile strength of the
fibrous structure 20 according to the present invention, and to

35 enhance the drying of a fibrous slurry to: the aforementioned
fibrous structure 20 as discussed below. For example, to increase
the tensile strength of the fibrous structure 20, a strength
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30 bagasse; and nore preferably are wood pulp, such as sof t woods
(gymmosper ms  or coni f erous) or hardwoods (angi osper ns or

deci duous) or are |ayers of the foregoing. As used herein, a fibrous
structure 20 or 20" is considered cellulosic" if the fibrous structure 20
or 20" conprises at |east about 50 weight 35 percent or at | east
about 50 volune percent cellulosic fibers, including but not |imted to
those fibers |listed above. A cellulosic mxture of wood pul p fibers
conprising softwood fibers @~ 10 having a length of about 2.0 to about 4.5
mllinmeters and a dianmeter of about 25 to apput 50 m croneters, and

har dwood fibers having a length of less than about 1 mllinmeter and a
di aneter of ' ) o

‘additive, such as latex binder or an adhesive, may be added to the
high basis weight essentially continuous network.24 at discrete
sites, rather than or in addition to having regions 28 of
Increased density distributed throughout the high basis weight
5 essentia]ly continuous network 24. )
Also, tensile strength may be enhanced by having greater
orientation and parallelism of fibers at discrete sites throughout
the high:basis weight essentially continuous network 24. Further,
“instead- of increasing the density, the basis' weight may be
10 : increased throughout various sites within the high- basis. weight
- essentially continuous network 24 to provide more fibers, and
hence more fiber bonds, to carry and distribute tensile loads.
Finally, increased bonding of fihers may occur at discrete sites
within the high basis weight essentially continuous network 24.
15 A1l such ‘modifications to the high ‘basis weight essentially
continuous .network 24 provide for enhanced distribution of any
tensile loading which is applied to the fibrous structure 20.

ANALYTICAL PROCEDURES

20 BASIS WEIGHT :

' The basis weight of a fibrous structure 20 according to the
: nresent invention may be qualitatively measured by optically
viewing -(under magnification if desired) the fibrous structure 20

in a direction generally normal to the -plane of the fibrous

25 structure 20. If differences 1in - the amount of fibers,

- particularly the amount observed from any line normal to the
plane, occur in a nonrandom, regular repeating pattern, it can
generally be determined that basis weight differences occur in a
like fashion. '

30 _ Particularly the judgment as to the amount of fibers stacked
on top of other fibers is relevant in determining the basis weight
of any particular region 24, 26 or 28 or differences in basjs'
weights between any two regions 24, 26 or 28. Generally,
differences in basis weights among the various regions 24, 26 or

35 28 will be indicated by inversely proportional differences in the
amount of light transmitted through such regions 24, 26 or 28._
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-about 12 to about 25 m cronmeters has been found to work well for 5

the fibrous structures 20 described herein. It is not necessary, or even
likely, that the various regions 24' and 26' of the fibrous structure 20
have the sane or a uniformdistribution of hardwood and softwood fibers.
Instead, it ¢s likely that a | ower basis weight region 26' will have a

hi gher %0 percentage of softwood fibers than a higher basis

wei ght region 24'.. Furthernore, the hardwood and softwood fibers may be

| ayered t hroughout the thickness of the cellulosic fibrous structure 20".
If wood pulp fibers are selected for the fibpgus structure 20, the fibers
may be produced by any pul pi ng process including 15 chem ca
processes, such as sul-fite, sulphate and soda processes; and nechani cal
processes such-as st onelfgaduwevassurate) desprmination of the basiscweightyypfheone
produced by conbi natégioe 26f 26 e 28 adelarive NRC b adiiféerent regimses, 26, wny28he

recycled. The typeis CQMr@At  Qh magnitude of relative distinctions may be
quantified using multiple exposure soft X-rays Jo make a

5 radiographic image of the sample, and . subsequent image analysis.
Using the soft X-ray and image analysis techniques, a set of
‘'standards having known basis weights are compafed to a sample of
the fibrous structure 20. The analysis uses three masks: one to
show the discrete low basis weight regions 26, one to show the

10 . continuous network of high basis weight regions 24 and 28, and one
to show the transition regions 33. Reference will be made to
Figures 9-14 in the following description. "However, it is to be
understood while Figures 9-14 relate to a specific ekamp]e, the
following description of basis weight determination is not so .

15 limited.

' In the comparison, the standards and the sample are
simultaneously soft X-rayed in order to ascertain and calibrate
the gray level image of the sample. The soft X-ray is taken of
the sample and the intensity of the image is recorded on the film

20 ~in proportion to the amount of mass, representative of the fibers
- _in the fibrous structure 20, in the path of the X-rays.
If desired, the soft X-ray may be carried out using a Hewlett
- Packard Faxitron-. X-ray unit supplied by the Hewlett Packard
_ Company, of Palo Alto, California. X-ray film sold as NDT 35 by
95 . the E.I. DuPont Nemours & Co. of Wilmington, Delaware and JOBO
. film processor rotary tube units may be used to advantageously
develop the image of the sample described hereinbelow.
Due to expected and ordinary variations between different
X-ray units, the operator must set the optimum exposure conditions
30 for each X-ray unit. As used herein, the Faxitron unit has an
" X-ray source size of about 0.5 millimeters, a 0.64 millimeters
“thick Beryllium window and a three milliamp continuous current.
The film to source distance is about 61 centimeters and the
voltage -about 8 kﬂp. The only variable parameter is the exposure.
35 time, which is adjusted so that the digitized image would yield a
maximum contrast when histogrammed as described below.
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and processing of the fibers used in the present invention are not 20
critical to the present invention. The fibrous structure 20 according to
the present invention conprises a single |anmina even if nultiple |ayers of
fibers are present. However,; it Is to be recognized that two single | am nae
may be joined in face-to-face relation to forma unitary |am nate. 25

A structure according to the present invention is considered to be "single
lamna" if it is taken off the form ng el enent, discussed below, as a
singl e sheet having a thickness, when dried, which does not change unl ess
fibers are added to or renoved fromthe sheejg The cellulosic fibrous
structure 20 nmay be | ater enbosséd, 30 or..remai n nonenbossed, as
desired. Wth reference to Figure 1, it is understood fromthe prior art '
that the two region fighewamgte ixdig supdo disersianngf tabouh@- by avowt 7-my be
defi ned by di scri mideatimegerseql 6y irik:heﬁnd Podesired, the sample may be marked

with indicia to allow precise determination of the locations of
regions 24, 26 and 28 having distinguishable basis weights.
5 ' Suitable indicia may be incorporated into the sample by die
cutting three holes out of the sample with a small punch. For the
embodiments .described herein, a punch about 1.0 millimeters (0.039
‘inches) in diameter has been found to work well. The holes may

be colinear or arranged in a triangular pattera.
10 - These indicia may be utilized, as described below, to match
. regions 24, 26 and 28 of a particular basis weight with regions
24, 26 and 28 distinguished by other intensive properties, such as’
thickness and/or density. After the indicia are placed on the
' sample, it is weighed on an analytical balance, accurate to four

15 significant figures.

The DuPont NDT 35 film is placed onto the Faxitron X-ray
unit, emulsion side facing upwards, and the cut sample is placed
onto the film. About five 15 millimeter x 15 millimeter
calibration standards of known basis weights (which approximate-

20 and bound the basis weight of the various regions 24, 26, and 28
” of the sample) and known areas are also placed onto the X-ray unit
at the same time, so that an accurate basis weight to gray level
calibration can be obtained each time the image of the sample is
-exposed_and developed. Helium is introduced into the Faxitron for
25 about 5 minutes at a regulator setting of about one psi, so that
the air is purged and, consequently, absorption of X-rays by the
air is minimized. The exposure time of the unit is set for about

2 minutes. _
Following the ‘helium purging of the sample chamber, . the
30 : sample is exposed to the soft X-rays. When exposure is completed,

the film is traﬁsferred to a safe box for developing under the
"standard conditions recommended by E.I. DuPont Nemours & Co., to

form a completed radiographic image.
The preceding steps are repeated for exposure time periods of
35 about 2.2, 2.5, 3.0, 3.5 and 4.0 minutes. The film image made by
' each exposure time is then digitized by using a high resolution
radioscope Line Scanner, made by Vision Ten of Torrence,
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havi ng

differing I nt ensi ve properti es. For exanpl e, as 35

~illustrated in Table 1, the basis weight of the fibrous structure 20

provides an intensive property which distinguishes the two regions 24"
26' of the fibrous structure 20' from each other. These two regions 24

and

and 26" may.be the parent regions, fromuwhich the other regions are fornmed
in the fibrous structures 20 of Figures 3A and 3B. Table I Region

Rel ative Basis Wi ght Relative Density 24’ Hi gh..
Medi um 10 26' Low
~Medi um 27 '

25

10

15

20

30

35

California, in the 8 bit mode. Images may be digitized at a -

spatial resolution of 1024 x 1024 discrete points representing 8.9
x 8.9 centimeters of the radiograph. Suitable software for this
purpose includes Radiographic Imaging Transmission and ' Archive
(RITA) made by Vision Ten. The images are then histogrammed to

record the frequency of occurrence of each gray level value. The

standard deviation is recorded for each exposure time.

The exposure time yielding the maximum standard deviation is
used throughout the following steps. If the exposure times do*not
yield a maximum standard deviation, the range of -exposure times
should be expanded beyond that illustrated above. The standard
deviations associated with the images of expanded exposure times
should be recalculated. - These steps are repeated until a clearly
maximum standard deviation becomes apparent. The maximum standard
deviation is utilized to maximize the contrast obtained by the
scatter in the data. For the samples illustrated in Figures's -14,
an exposure time of about 2.5 to about 3.0 minutes was Judged
optimum.

The optimum radiograph is re-digitized in the 12 bit mode,

. using the high resolution Line Scanner to display the image on a

1024 x 1024 monitor at a one to one aspect ratio and the
Radiographic Imaging Transmission and Archive .software by Vision

Ten to store, measure and display the images. The scanner lens is

set to-a field of view of about 8.9 centimeters per 1024 pixels.
The film is now scanned in the 12 bit mode, averaging both linear
and high to low lookup tables to convert the image back to the
eight bit mode. ~

This image is displayed on the 1024 x 1024 line monitor. The
gray level values are examined to determine any gradients across

- the exposed areas of the radiograph not blocked by the sample or

the calibration standards. The radiograph is Jjudged to be
acceptable if any one of the following three criteria is met:
the film background contains no gradients in gray Tevel
values from side to side;
the film background contains no gradients in gray level
values from top to bottom; or
a gradient is present in oq]y one direction, f.e. a
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It-is to be understood that rather than usi ng basis weight as the intensive
property discrimnating the two regions 24' and 26', density or projected
average pore size could be used as an 15 i nt ensi ve property to

di stinguish the two regions 24" and 26'. As shown in Figure 2, the
cellulosic fibrous structure 20 according to the present invention has at

| east three distinct regions 24, 26, and 28. The regions 24, 26,
and 28 " are distinguished by intensive properties of the structure 20. As
20 used herein a property is considered "intensive" if it does

not have a val ue ‘dependent upon the aggregat# n of> values in the fibrous
structure 20. Exanples of intensive propertTes include the basis weight,
density, proj ect ed average - pore size, tenperature, specific heat,
conpressive and tensil e nodifferenteCin g*ay values fromObnel Bedd i ar Ghe athérict ure
20. As used herein properfskﬁsaﬂ“%hgﬁoﬁ’%?eﬂﬂ FRADgraBR ROHLAG b ThTsalidr | OUS
val ues of subsyst ens or difference in gradient at the bottom of the radiograph.
One possible shortcut method to determine whether or not the third
5 condition may be met is to examine the gray level values of the
' pixels located at the four corners of the radiograph, which covers
are adjacent the sample image.
The remaining steps may_be performed on a Gould Model ‘1P9545
Image Processor, made by Gould, Inc., of Fremont, California and
10 hosted by a Digitized Equipment Corporation VAX 8350 computer,
using Library of Image Processor Software (LIPS) software.
A portion of the film background representative of the
criteria set forth above is selected by utilizing an algorithm to
' select areas of the sample which are of interest. These areas are
15 enlarged to a size of 1024 x 1024 pixels to simulate the film
background. A gaussian filter (matrix size 29 x 29) is applied to
smooth the resulting image. This image, defined as not containing
either the sample or standards, is thén saved as- the film
background. -
26 This film background is digitally subtracted from the -
) ~ subimage containing the sample image on the film background to
yield a new image. The algorithm for the digital subtraction
dictates that gray level values between 0 and 128 should be set to
a value of zero, and gray level values between 129 and 255 should
25 be remapped from 1 to 127 (using the formula x-128). Remapping
corrects for negative results that occur in the subtracted image.
The values for the maximum, minimum, standard deviation, median,
mean, and pixel area of each image area are recorded. .
The new image, containing only the sample and the standards,
30 ' is saved for future reference. The algorithm is then used to
se]ectively set individually defined image areas for each of the
image areas containing the sample standards. For each standard,
the gray level histogram is. measured. These individually defined
areas are then histogrammed.
35 The histogram data from the preceding step is then utilized
to develop a regression equation describing the mass to gray level

relationship and which computes the coefficients for the mass per
I
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conponents of the fibrous structure 20 are consi dered "extensive." Exanples

of extensive properties include the weight, mass, volune, heat capacity and
nol es of the fibrous structure 20. 30 I nt ensi ve and

extensive properties may be further classified as intensive or extensive

wi thin the two di nensions corresponding to the plane of the cellulosic
fibroussstructure 20 or extensive in three dinensions, dependi ng upon

whet her or not fibers nay be aggregated in two or in three dinmensions

wi t hout affecting the 35 : property. For exanple, if fibers are
aggregated to the cellulosic fibrous structure 20:in its plane, making the
cellulosic fibrous structure 20 cover a greatg@ surface area, the thickness

of the 12
gray value equation. The independent variable is the mean gray-
level. The dependent _variab]e is the mass per pixel in each
calibration standard. Since a gray level value of zero is defined
to have zero mass, the regression equation is forced to have a y

3. intercept of zero. The equation may utilize any common
spreadsheet program and be run on a common desktop personal
computer.

The- algorithm-is then used to define the area of the image
containing only the sample. This image, shown. in Figure 9, is
10 - saved for further reference, and is also classified as to the
number of occurrences.of each gray level. The regression equation
is then used in conjunction with the classified image data to
determine the total calculated mass. The form of the regression
equation is:
15 Y=AXXxN
' wherein Y equals the mass for each gray level bin; A equals the
coefficient from the regression analysis; X equals the gray level
(range 0 - 255), and N equals the number of. pixels in each bin
(determined from classified image). The summation of all of the Y

20 values yields the total calculated mass. “For precision, this
value is then compared to the actual sample mass, determined by
weighing.-

The calibrated image of Figure 9 is displayed onto the

monitor and the algorithm is utilized to analyze a 256 x 256 pixel

25 area of the image. This area is then magnified equally in each
: direction six times. A1l of the following images are formed from

this resultant image.

If desired, an area of the resultant image, shown in Figure

14, containing about ten sites of the nonrandom, repeating pattern

30 of the various regions 30, 32, 34 and 36 may be selected for
- .segmentation of the various regions-30, 32, 34 or 36. It will be

_ apparent that if the differences in basis weights between regions

30, 32, 34 and 36 are relatively small, more than ten sites may be

necessary to assure statistical significance in the results. The

35 resultant image shown in Figure 14 is saved for future reference.
Using a digitizing tablet equipped with a 1ight pen, an
interactive graphics masking routine may be used to define
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cellulosic fibrous structure 20 remai ns unaffect ed.

But, if the fibers are

aggregat ed by superinposition with either exposed face of the cellulosic

fibrous structure 20, the thickness is affected. Thus,

di mensi onal intensive property. However, 5

thickness is a two
adding fibers to the

cellulosic fibrous structure 20 in either manner specified above does not
affect sthe tensile strength per unit of cross sectional area of the
cellulosic fibrous structure 20. Therefore, tensile strength per unit of
cross sectional area is a three dinensional intensive property. 10

The fibrous structure 20 according to the present'invention has regions 24,
26, and 28 having at |east two distinct bas#8 wei ghts which are divided
between at | east two identifiable segnents, hereinafter referred to as

cregions,  Of the HiREAEn Yeh it Webueel thSh 1A HAsHE B Idln Feions3p i BT A1
I's the weight, 15

fibrous structure and the Tow basi‘sS %?&t' rr']egqcrn?s ofaonrdcfz. Oflhea oggr!a;corarsﬁgu'lgf the

10

15

2

25

30

35

subjectively and manually circumscribe the discrete regions 30 and
32 with the light pen at the midpoint between the discrete regions
30 and 32 and the continuous regions 34 .and 36 and fill in these
regions 30 and 32. The operator should ensure a closed loop is
formed about each circumscribed discrete region 30 or 32. This
step creates a border around and between any discrete regions 30
and 32 which can be differentiated according to the gray level
intensity variations. : }
The griphics mask generated in the preceding step is then
copied through a bit plane to set all masked values (such as in

‘region 30 or 32) to a value of zero, and all unmasked values (such

as in regions 34 and 36) to a value of 128. This mask is saved
for future reference. This mask, covering the discrete regions 30
and 32, is then outwardly dilated four pixels around the
circumference of each masked region 30 or 32. _

The aforementioned magnified image of Figure 14 is then
cdpied through the dilated mask. This produces an image shown in
Figure 12, having only the continuous network of eroded high basis
weight regions 34 and 36. The image of Figure 12 is saved for
future reference and classified as to the number of occurrences of

.each- gray level value.

The original mask is copied through a lookup table that
reramps gray values from 0 - 128 to 128 - 0. This reramping has
the effect of inverting the mask. This mask fs then inwardly

. dilated four pixels around the border drawn by the operator. This

has the effect of eroding the discrete regions 30 and 32.

The magnified image of Figure 14 is copied through the second
dilated mask, to yield the eroded low basis weight regions 30 and
32. The resulting image, shown in Figure 10, is then saved for
future reference and classified as to the number of occurrences of
each gray level.

In -order to obtain the pixel values of the transition
regions, the two four pixel wide regions dilated into both the
high and low basis weight regions 30, 32, 34 and 36, one should
combine the two eroded images made from the dilated masks an shown
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20, which unit area is taken in the plane of the fibrous structure 20. The
size of the unit area fromwhich the basis weight is neasured is dependent
upon the relative and absol ute sizes of the regions 24, 26, and 28 having
differing basis weights. 20 It will be recognized by one
skilled in the art that wwthin a given region 24, 26, or 28, ordinary and
expect el basis weight fluctuations and variations may occur, when such
given region is considered to have one basis weight. For exanpl e,
if on a mcroscopic level, the basis weight of an interstice is neasured,
25 ‘ an apparent basis weight of zero will: result when, in fact,
unl ess an aperture in the fibrous structure 30 is bei ng- nreasured, the basis
wei ght of such region 24, 26 or 28 is greater than zero. Such fluctuations

and variations areig pigma! l@rh‘ild eppRecingd fseﬁk@&nppifshw g”ﬁﬁ"&f %Bﬁlfdg”&\e
process. 30

structure 20 are of the eroded \Qﬁages g'fn%o one4|hemory cslannel and Ble oiheg'oeur%ded
image into another memory channel.

The image of Figure 10 is copied onto the image of Figure 12,

5 using the image of Figure 10 as a mask. Because the second image.
of Figure 12 was used as the mask channel, only the non-zero
pixels will be copied onto the image of Figure '12. This procedufe
produces- an image containing the eroded high basis weight regions
34 and 36, the eroded low basis weight regions 30 and 32, but not

10 ~ the nine pixel wide transition regions 33 (four.pixeié from each

' dilation and one from the operator’s circumscription of the
regions 30 and 32). This image, shown in Figdre 13, without the
transition regions is saved for future reference.

Since the pixel values for the transition regions 33 in the

15 transition region image of Figure 13 all have a value of zero and
one knows the image cannot contain a gray level value greater than
127, (from the subtraction algorithm), all zero values are set to
a value of 255. A1l of the non-zero values from the eroded high
and low basis weight regions 30, 32, 34 and 36 in the image of

20 Figure 13 are set to a value of zero. This produces an image
which is saved for future reference.

To obtain the gray level values of the transition regions 33
the image of Figure 14 is copied through the image of Figure 13 to
obtain only the nine pixel wide transition regions 33. This '

25 image, shown in Figure 11, is saved for future reference-and also

- classified as to the number of occurrences per gray level.

So that relative differences in basis weight for the low
basis weight regions 30 and 32, high basis weight regions 34 and
36, and transition region 33 can be measured, the data from each

30  of the classified images above and shown in Figures 10, 12, and 11
respectively are then employed with the regression equation
derived from the sample standards. The total mass of any region
24, 26, 28 or 33 is determined by the summation of mass per grey
level bin from the image histogram. The basis weight is

a5 calculated by dividing the mass values by the pixel area,
: considering any magnification.
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considered to have different basis weights if the basis weight of the
regions 24, 26 and 28 varies by at |east about 25 percent of the higher
basis weight value. In a fibrous structure 20 according to the
present invention, the basis weight differences 35 bet ween t he
regions 24, .26 and 28 occur in a nonrandom repeating pattern, corresponding
to a pattern in the liquid draining, fiber retentive form ng el enent
described nore fully below OQherwise, ~ 13 if the variation of the region
24, 26 or 28 of the fibrous structure 20 under consideration is |ess than
about 25 percent, the region 24, 26, or 28 is considered to conprise one
region 24, 26, or 28 of a singular and parti@hlar basi s wei ght having a

The classified image data (frequency) for each region of the
images shown in Figures 10-12 and 14 may be displayed as a
histogram and plotted against the mass (gray level), with the
ordinate as the frequency distribution. If the resulting curve is
‘monomodal the selection of areas and the subjective drawing of the
mask were Jikely accurately performed. The images may also be
pseudo-colored so that each color corresponds to a narrow range of

basis weights with the following table as the possible témplate
for color mapping.

The image resulting from this proceeding step may then be
pseudo-colored, based upon the range of gray levels. The list of
gray levels shown in Table IVA has been found suitable for
uncreped samples of cellulosic fibrous structures 20:

a IV
Gray Level Range . Possible Colors
(] '  Black
1-5 ' Dark blue
6-10 . . Light blue
11-15 Green
16-20 Yellow
21-25 Red

26+ : White

Creped samples typically have a higher basis weight than
otherwise similar uncreped samples. The 1ist of grey levels shown
in. Table IVB was found suitable for use with creped samples of
cellulosic fibrous structures. 20: :

Jabje IVB

. This Sheet Has Been Replaced




5 . variation of +/- 12.5 percent about a nedian value. It is not
necessary that exact boundaries divide adjacent regions 24, 26, or 28 of
different basis weights, or that a sharp demarkati on between adjacent
regions 24, 26, or 28 of different basis weights be apparent at all. It
only inportant that -the 10 di stribution of fibers per unit area
be different in different positions of the fibrous structure 20 and that
such different distribution occurs in a nonrandom repeating pattern. It
wi |l be apparent to one skilled in the art that there may be snall
transition regions having a basis wei ght intgsnediate t he 15
basis weights of the adjacent regions 247 26, or 28, which
transition regions by thensel ves may not be significant enough in area to
be consi dered as conpri siengy bevedsRange\ei ght di sti ncRosktide Cdlersasi s wei ghts

of either adjacent region 24, 26, or 28. Such trangakon regions are within
the normal manufacturing vaﬁt?tions

S

Dark blue
8-14 Light blue
15-21 Green
22-28 Yellow
29-36 Red
36+ . White

The resulting image may be dumped to a printer/plotter. If
desired,' a cursor line may be drawn across any of the
aforementioned images, and a profile of the gray levels developed.
If the profile provides a qualitatively repeating pattern, this is
further indication that a nonrandom, repeating pattern. of basis
weights is present in the sample of the fibrous structure 20.
1f desired, basis weight differences may be determined by
using an electron beam source, in place of the aforementioned soft
X-ray. If it is desired to use an electron beam for the basis
weight imaging and détermination, a suitable procedure is set
_forth in European Patent Application 0,393,305 A2 published
October 24, 1990 in the names of Luner et al., which application
is incorporated herein by reference for the purpose of showing a
suitable” method of determining differences in basis weights of
- various regions 30, 32, 34 and 36 of the fibrous structure 20.
The relative densities of given regions 30, 32, 34 or 36 of
the fibrous structure 20 may be qualitatively differentiated as
follows. Samples of the fibrous structure, at least about 2.5
centimeters by 5.1 centimeters (1 inch by 2 inches) in area are
provided. It is to be recognized that if that, dependent upon the
relative sizes of the regions 30, 32, 34 or 36, a larger sample
may be required or alternatively a smaller sample may be suitable.
A water based magic marker, such as a red Berol marker #8800 is
provided- and the samples are uniformly stained by hand using the
water based marker. The samples are then dried at room
temperature and 50% relative humidity for at least about 1 hour.
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20 known and i nherent in producing a fibrous structure 20
according to the present invention. The intensively distinguished regions
24, 26, and 28 of the fibrous structure 20, such as regions 24, 26, and 28
having different basis weights, are disposed throughout the fibrous 25
structure 20 in a nonrandom repeating pattern. The patterned regions 26
and 28 fmy be discrete, so that adjacent regions 26 or 28 havi ng t he
same basis weight are not contiguous. Alternatively, a region 24

havi ng one ‘basi s wei ght throughout the entirety of the fibrous structure 20
may be continuous, so that 30 such_ regiton 24 extends

substantially throughout the fibrous strutture 20 in one or both of its
principal dinensions. By being "nonrandom" the intensively defined

regions 24, 26, and 28 ThéGappnsi SRr mdsicd bawpér e prdcPeandld thibPitsPrdesl as a
:ﬁ:“'t of known andysiRg SOt &eBhitFscobf A SUER Ss 2T NikbA Grod@P Mz S sudiSEd 10
maybe ‘obtained from the Frank E. Feyer Company of Carpenterville,
I1Tinois, the samples are placed so that any deviations from the
5 general plane of the sample are downwardly oriented, towards the
base of the microscope. The magnification is adjusted to
approximately 18x, dependent upon the relative size of the regions
to be observed. Light is principally supplied from the bottom of
the sample and adjusted to maximize the apparent éontrast between
10 the Tow density regions 24 and 26 and the high density regions 28.
If a repeating nonrandom pattern of high density regions 28
~ dppear, such regions will likely be relatively Tight red in color.
Conversely, relatively low density regions 24 and 26 will appear
to be dark brown in color. Such color differences are caused by
15 the differential density. If desired, color photographs may be
“taken of the samples to later confirm the findings made by the
stereoscopic microscopic examination.
Alternatively, density differences may be qualitatively or
} quantitatively determined by ascertaining the differences in basis
20 weights of various. regions 30, 382, 34 or 36 of the fibrous
- structure 20 and combining such basis weight differences with the
thicknesses of the regions 30, 32, 34 or 36 of “the fibrous
structure 20 to determine density differences. Thickness may be
determined as set forth below.
25 THICKNESS

While several methods to determine thickness are presented
below, the preferred method is that presented in the text
accompanying Figures 15A - 18 and represents the method from which
all of the thickness values discussed herein were taken. However,

30 ‘any method accurate and precise method of determing the thickness
' of the fibrous ‘structure 20 may be utilized.

A preferred method to determine the thickness of different
regions 30, 32, 34 and 36 of the fibrous structure 20 is to
topographically measure the elevation of each exposed face of the

35 fibrous sirqcture 20. This produces a series of isobaths on one
face of the fibrous structure 20 and a series of isobases on the
- other face, as illustrated in Figures 15A and 158B. The data of
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35 manuf acturi ng process. By "fepeating" the pattern is forned
nore than once in the fibrous structure 20. 14 OF course, it is to be

recogni zed that if the fibrous structure 20 is very |large as nmanufactured,
and the regions 24, 26, and 28 are very snmall conpared to the size of the
fibrous structure 20 during manufacture, e.g. varying by several orders of
5 3 magni t ude, absolute predictability of the exact dispersion
and patterns anong the various regions 24, 26, and 28 may be very difficult
or even inpossible. However, it is only inportant that such intensively

defined regions 24, 26, and 28 be dispersed in a pattern substantlally as
desired to yield the performance 35

these two figures may be superimposed, as described below to
determine the thickness of the fibrous structure 20.

If desired, the sample may be marked with three or more
indicia, as described above with respect to the basis weight

5 measurements. Suitable indicia are punched holes. For example,
one such hole appears at coordinate Iocation 2.50, 3.75 of Figures
15A, 158 and 17.

The punched ~-holes- allow for matching the thicknesses of
various regions 30, 32, 34 and 36 with the basis weights of the

10 same regions 24 26 aqd 28, providing the same sample is used for
both measurements and. moreover to match opposite sides of the same
samplé for and during the following thickness measurements. Since
the soft x-ray image analysis and topographical scanning are
nondestructive tests, this is entirely feasible.

15 . The topographical measurements may be made using a Federal
Products Series 432 profilometer having a Model EAS-2351
amplifier, a Model EPT-01049 breakaway probe, stylus and a flat
horizontal table, sold by the Federal Esterline Company of
Providence, Rhode Island. For the measurements described herein,

20 - the stylus had a 2.54 micron (0.0001 inch) radius and a vertical
' force loading of 200 milligrams. The table is planar to 0.2
microns. :

A sample of the fibrous structure 20 to be measured is placed
on- the horizontal table and any noticeable wrinkles are. smoothed.:
25 The sample may be held in place with magnetic strips. The sample
is scanned in a square wave pattern at a rate of 60.0 millimeters
per minute (2.362 inches per minute) or 1.0 millimeter per second.
The data digitization rate converts 20 data points per millimeter,
so that a reading is taken every 50 microns.

30 " The sample is traced 30 millimeters in one direction, then
manually indexed while in motion 0.1 millimeters (0.004 inches) in
a traverse direction. This process is repeated until the desired
‘area of the sample has been scanned. Preferably the trace starts
at one of the punched holes, so registering the isograms of

35 _ opposite faces, as described below, is more easily accomplished.
The digitized data are fed into and analyzed by any Fourier

transform analysis package. -An analysis paékage such as Proc
oo e T
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10 properties which render the fibrous structure 20 suitable for
Its intended purpose. The size of the pattern of the fibrous structure 20
may vary from about 1.5 to about 388 discrete regions 26 per square
centinmeter (from110 to 2,500 discrete regions 26 per square inch), 15
preferably firom about 11.6 to about 155 discrete regions 26 per square
centineter (from75 to 1,000 discrete regions 26 per square inch), and nore
preferably from about 23.3 to about 116 discrete regions 26 per square
centineter (from 150 to 750 discrete regions 26 per square inch). It will
be apparent to one skilled in the 20 3¢ art that as the pattern
becones finer (having nore discrete regions per square centineter) a

| arger percentage of the smaller sized hardwood fibers should be utilized,
and the percent ageSpettnahmade bygSAS- of Brincetoni tNewodersey bhass beenhdound toe
correspondi ngly regbrkedell. The Fourier analysis of each face of the fibrous

structure 20, as illustrated in Figures 16A and 16B, displays the
pitch of the nonrandom repeating pattern apparent on that face.

5 | For example, the Fourier transforms of Figures 16A, 16B and
18 show pitches (represented as peaks in the graphs of these
Figures). of the occurrences per millimeters listed in-Table V
below. For ease of comparison, Table V also gives the values of
the pitches of Figure 18, discussed below.

10 )
Table V
Fig. 16A Fig. 168 _ Fig. 18
0.117 0.156 0.156
15 0.352 - 0.234 0.234
0.469 - 0.391 . 0.391
0.625 0.625 0.625
0.859 . 0.859 0.859
1.250 1.133 1.132
20 1.406 ' 1.250 1.250
. - 1.523 1.445 ' 1.406
1.758 1.719 ' 1.523
25 ‘These pitches correspond to the size and distribution of the

different regions 30, 32, 34 and 36 in the nonrandom repeating
pattern. Knohing the pitches and sizes of the different regions
30, 32, 34 and 36 simplifies the other analyses specified
hereunder, because the person conducting the tests knows the scale
30 of the size of the regions 30, 32, 34 and 36 and the spacing of
' such regions 30, 32, 34 and 36. .
" The thicknesses of the regions 30, 32, 34 and 36 may be
determined by digitally superimposing the two isograms, using the
indicia to assure registration. Various single line tracings may
35 be utilized to ascertain when registry is achieved, although it is
to be recognized some trial and error may be necessary, due to the
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25 If too many |arge sized fibers are utilized, the fibers
may not be able to conformto the topography of the apparatus, described
bel ow, which produces the fibrous structure 20. If the fibers do not
properly conform fibers may bridge various topographical regions of the
apparatus, lseading to a random 30 patterned fibrous structure 20.
A m xture conprising about 0 to about 40 percent northern softwood kraft
fibers and about 100 to about 60 percent hardwood chemi -t her nomechani cal
pul p fibers has been found to work well for a fibrous structure having
about 31.0 to about 46.5 discrete regions.pe57squ&re centinmeter (200 to 300
35 di screte regions 26 per square inch). Referring to Figures 1
and 2, the regions 24, 24', 26 and 26' of differing basis weights may be
arranged wi t hi n t hedifscheteunature of and finite distance between tracings. The

superimposed data are then digitally subtracted. The difference
between the isobasic data and isobathic data represent the
thickness of the sample at the location. Since thickness is
5 determined by the relative separation of the two surfaces, it does
not matter which data are used as the minuend and subtrahend,
because: the  absolute value of the difference represents the
thickness. :
The thickness data may be plotted as isdpachs, as illustrated
10 in Figure 17, to allow visual determination of whether or not a
_ nonrandom repeating pattern is present. Of course, the isopachs
may also be analyzed by a Fourier transform, as illustrated in
Figure 18 and tabulated in Table V. above. The peaks at the
pitches illustrated in Table v strongly indicate the presence of a
15 nonrandom repeating pattern. ' '
Another method to determine the thickness of various regions
30, 32, 34 and 36 of a sample of the fibrous structure 20 is by
utilizing a stereoscan microscope. Any microscope capable of
quantifying the elevational ‘dimension of a structure, while
20 - viewing the structure normal to its plane may be used. A suitable
' " microscope is a Cambridge 3-D Model 360 stereoscan électron
microscope; made by the Leica Company, of Chicago, .I11inois.
A specially designed microscope stub is selected, having a
recessed center c¢ircumscribed by a planar annular perimeter. The
25 . recess prevents altgring_the center of the sample from which the
following thicknesses are measured. The sample is mounted on the
stub, by applying conductive adhesive to only the perimeter of the
top surface of the stub, avoiding any contact or placement of the
conductive adhesive with the center recess.
30 - The tissue web is gently placed on the e;posed.surface of the
adhesive and pressed in place. Care should be taken to keep the
'sample flat, wrinkle free, and parallel to the top planar annulus
of the microscope stub. Two sample mountings are required for
each thickness determination. The first sample is mounted with
a5 one side oriented npward;, and the second sample is mounted with
the corresponding side of the sample downwardly oriented.
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15 structure 20 or 20' respectively, so that the region 24 of relatively
hi gher (if the fibrous structure 20' conprises regions. 24' and 26' of two
distinct basis weights as in Figure 1) or highest (if the fibrous structure
20 conprises regions 24, 26, and 28 of three or nore distinct basis weights
as in Figure 2) basis . weight is essentially continuous in at |east one
direction throughout the fibrous structure 20. Preferably, the continuous
direction is parallel the direction of expected tensile |oading of the

finished product according to the present invention. 10 ' | f
the fibrous structure 20 illustrated in Flgqme 2 i's to be used . as a
consuner product, such as a paper towel - a tissue, the high basis weight

region 24 of the fibrous structure 20 is preferably essentially continuous
in two orthogonal diredkq sample should be visually scanned on the microscope to

make a coarse identification of the number of unique nonrandom
regularly repeating thicknesses. Each identified thickness should
then be quantitatively determined. .
5 An exemplary case, illustrated by Figure 4, has four regions
: of varying thickness, which are designated (AB), (CD), (EF) and
" (GH). To determine. the four relevant thicknesses (AB), (CD),
(EF), and (GH), one takes the sample having the first side
oriented upwards and determines the elevational position of points

10 B, D, F, and H relative to the top planar annulus of the stub. It
will be understood that the planar annulus of the stub is
coincident with the elevational position of points A and E. This
step may be accomplished using the 3-dimensional capabilities of
the microscope. Using the other sample, having the corresponding

15 surface downwardly oriented, the elevational position of peinfs 6

: and C, relative to the elevational position of either point A or E
is determined.
The two preceding steps are repeated for at least ten (or .
more if necessarry to assure statistical significance) unique

20 sites at each region, and all like data are averaged. It is not
necessary to look ‘at exactly the same site on each surface.
Instead random selection of the ten (or more) sites on each of the
samples will. .promote. representative characterization of the
samples. .

25 . . " The thickness of each region is given by the relative
difference in elevational position of vertically registered points
from the planar annulus and may be determined by subtracting the
elevational positions noted above. For example, the thickness at
(AB) is found by subtracting the elevational position of point A

10 from the elevational position of point B. Similarly, the
thickness at (EF) is found by subtracting the elevationaI position
of point E from the elevational position of point F.

The thickness at (CD) is found by subtracting the elevational
position- of point A from the elevational position of point D (from

35 the first sample). From this value is subtracted the value of the
elevational position of point C minus the elevational position of
point A (from the second sample). Similarly, the thickness at
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within the plane of the fibrous structure 20. It is not necessary 15

t hat such orthogonal directions be parallel and ‘perpendicul ar the edges of
the finished product or be parallel and perpendicul ar the direction of
manuf acture of the product, but only that tensile strength be inparted to
the product in two orthogonal directions, so that any applied tensile

| oadi ng*may be nore readily 20 accommodat ed wit hout premature
failure of the product due to such tensile loading. If a region 24, 26 or
28 of a particul ai” basis weight forns a repeating unbroken pattern

throughout at |east a portion of -the fibro%ﬁ structure 20, the fibrous
structure 20 is considered to 25 ave an "essentially continuous

net wor k" of such region 24, 26 or 28 within such portion of the fibrous
structure 20, reco¢gH) is rfouid1dy subbiatingdthoredevadtional hposipiint 6f poivt €

tsa'bg :g't ?al | al bei fponBie BTvhEIONEF poSit16P 08 FoTntS € N(FHoll Thé YiRkdtOLEmpTE) . N0t
y From this value is subtracted the value of the elevational
position of point H minus the elevational position of point E
5 (fro? the second sample). .
If it is not desired to use a stereoscan microscope, the
‘determination. of. the. thickness of various regions of the sample
may be made by confocal laser scanning microscopy. Confocal laser
scanning microscopy may be made using any confocal scanning
10 . " microscope capable of measuring the dimension normal to the plane -
of the sample. A Phoibos 1000 Model microscope made by Sarastro
Inc., of Ypsilanti, Michigan, should be suitable for this purpose.
Using the Sarastro Confocal Scanning Microscope, a sample
measuring approximately 2 centimeters by approximately 6
15 centimeters of the fibrous structure 20 is placed on top of a
glass microscope slide. The microscope slide is placed under the
objective lens and viewed under relatively low magnification
(approximately 40x): This magnification enlarges the field of
view sufficient that the number of surface features is maximized.
. 20 When viewing at this lower magnification, one should focus on the
uppermost portion of the sample. '
Preferably, by utilizing the fine focus adjustment of the
microscope and. the Z axis reading displayed on the monitor of the
~ microscope, the microscope stage is lowered approximately 100
25 micrometers. The optical image output of the microscope is
transferred from the oculars to the optical bench. . This transfer
changes the image output from the eyes of the operator to the
detector of the microscope.
With the microscope computer, the step size and number of
30 " sections is now input. For the samples {iTlustrated in Figures
1-3B, a step size of about 40 micrometers and a number of 20
sections have been found suitable. These parameters result in thé
acquisition of 20 optical XY slices at an interval of 40
micrometers, for a total depth of 800 micrometers normal to the
35 plane of the sample.
Such settings allow optical sections to be acquired from
slightly above the top surface of the sample of the fibrous
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adversely affect the material properties of such portion of the 30

fibrous structure 20. An exanple of an essentially continuous network is
t he -hi gh basis weight region 24 of the fibrous structure of Figure 2.

Q her exanples of two region fibrous structures 20° having essentially
continuous :mnetworks are disclosed in U S. Patent 4,637,859 issued January
20, 1987 to 35

_ _ Tr okhan and incorporated herein by reference for
the purpose of showing a fibrous structure 20' having an essentially

conti nuous network. 'REPLACENVENT SHEET 26 SEP 1996 16
' ' 40

structure 20, to slightly below the bottom surface of the sample
of the fibrous structure. It will be apparent to one skilled in .
the art, that if higher resdlution is desired, a smaller step size
and a larger number of steps is required. .

g - Using these settings, one begins the scanning process. The
computer of the microscope will acquire the desired' number of XY
slices. at the desired interval. The digitized data from each
slice is stored in the memory of the microscope.

To obtain the measurements of interest, each: slice is viewed

10 on the computer monitor to determine which slice offers the most

' representative view of the features of interest, particularly the

thickness of the sample. While viewing the slice of the sample

which best illustrates the various thickness of the sampie, a line

is drawn through the region 30, 32, 34 or 36 of interest of a

15 sample similar to that illustrated in Figure 2. The XY function

of the microscope is utilized so that a cross sectional view of

the line is displayed. This cross sectional view is made up of
all of the slices taken of the sample.

To measure the thickness, two Z axis points of interest are

20 ' entered. For example, to measure the thickness of a region 30,

32, 34 or 36, the two points would be entered, one on each opposed
surface of the samp]e.

If one does not desire to use a stereoscan microscope or a
confocal laser scanning microscope to determine the thickness of

25 the sample, reference microtomes may be made to determine the

- thickness of the sample. To determine the differential thickness
of the fibrous structure 20 using reference microtomes, a sample
measuring about 2.54 centimeters by 5.1 centimeters (1 inch by 2
inches) is provided and stapled onto a rigid cardboard holder.

30 The cardboard holder is h1aced in a silicon mold. .A mixture of

six parts Versamid resin, four parts Epon 812 resin and 3 parts of
1,1,1-trichloroethane are mixed in a beaker. The resin mixture is

. placed in a low speed vacuum desiccator and the bubbles removed.

The mixture is then poured into the silicon mold with the

35 cardboard sample holder so that the sample is thoroughly wetted

and immersed in the mixture. The sample is cured for at least 12
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Furthernore, by providing an essentially continuous network high basis

weight region 24, contact drying of the fibrous structure 20 nmay be
enhanced. The enhanced contact drying, of course, requires that the.
essentially continuous high basis weight 5 network 24 lie on and
define one of the exposed faces of the fibrous structure 20. Conversely,
the | ow basis weight regions 26 may be discrete and di spersed throughout

t he high basis weight essentially continuous network 24. The | ow basis

wei ght regions 26 may be 10 t hought of as islands which are
surrounded by a circunjacent essentially continuous network high basis

wei ght region 24. The discrete |ow basis meiﬁht regions 26 also forma
nonrandom repeating pattern. The discrete | ow basis weight regions 26 may

be staggered in, Ofho{HRY alf tRé IrISHH mitureiHali@ined’ I?@% Q'aﬂﬁlet'rfrévﬁbved from
aforement i oned two the tsQ?'pc%Raullolglarnscéhleogasi'dboagcri etfo%g* ré/niovgcp ?roml' ghe sample.
The sample is marked with a reference point to accurately
determine where subsequent measurements are taken. Preferably,
5 the same reference point is utilized in both the plan view .and
various sectional views of the sample.of the fibrous structure 20.
A resolution guide may be utilized to mark the reference
point. The resolution guide may be generally planar and laid on
top of the sample prior. to resin curing and/or photographing. A -
10 resolution guide having contrasting indicia radiating outwardly -
and, preferably, tangentially expanding is suitable. A #1-T
resolution guide made by Stouffer Graphic Arts EQuipment Co. of
South Bend, Indiana has been found particularly well suited for
this purpose. The resolution guide is overlaid on the sample and,
15 preferably, oriented so that the major axes of the indicia are
: aligned with the edges of the sample or with any pattern apparent
in the sample. o '
The sample is placed in a model 860 microtome sold by the
American Optical Company of Buffalo, New York and leveled. The
20  edge of the sample is removed from the sample, in slices, by the
microtome until.a smooth surface appears. o
A sufficient number of slices are removed from the sample, so
that the various.regions 30, 32, 34 and 36 may be accurately
" reconstructed. For the embodiment described herein, slices having
25 a thickness of about 100 microns per siice are taken from the
smooth surface. At least about 10 to 20 slices are required, so
that differences in the thickness of the fibrous structure 20 may
be ascertained. .
Three to four samples made by the microtome are mounted in
30 series on a slide usihg'oii and a cover siip. The slide and the
sample are mounted in a light transmission microscope and observed
at about 40x magnification. Pictures are taken to reconstruct the
profile of this slice until all 10 to 20 slices, in series, are
photographed. By observing the individual photographs of the
35 microtome, differences in thickness may be ascertained as a
-profile of the - topography of the fibrous structure is
- reconstructed. By knowing the relative basis weight at the
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basi s wei ght essentially continuous network 24 forns a patterned network
circunjacent the discrete | ow basis wei ght regions 26, although, as noted
above, small transition regions may be accomodated. 20 In a
degenerate case, the | ow basis wei ght regions 26 have an approxi nately or
I dentically.zero basis weight and represent apertures 26 within the
essentially continuous network 24 of the fibrous structure 20. It
recogni zed that apertures 26 may have a near zero basis weight
still be considered 25 apertures. As is known in the art,
dependent upon the length of the fibers, the transverse dinension of the
pr ot uberances 59, di scussed bel ow (see Figur@% 6-7) and used to formthe

| ow basi s weight regions 26, and the relative novenent between the fibrous

slurry at the time Wifertfb® PointoinBel di figetd q&ﬁnp%wmw bbeG rafiating
retentive forming fr%‘ne'{ﬁg't refé%l%e Vx%"iﬂ] at%dh the 'tpi ?&Senc ythicfness,
qualitative differences in density may be ascertained.
" The differences in thickness between regions 30, 32, 34 and
5 . 36 may be easily established by photographing any representative
slice of the sample with a scale superimposed on the field.
Comparing the scale to the extremes of the sample at each
outwardly oriented face of the fibrous structure 20, the thickness
of the regions 30, 32, 34 or 36 under consideration is readily
10 ascertained. By photographing the sample and resolution guide in
' the plan view, the orientation and one of width or spacing of the
indicia at any location on the sample can be found and matched
with the microtomes, to ascertain the particular region 30, 32, 34
or 36 for which a thickness measurement was made. The reference
15 guide may also be utilizeq with the aforementioned soft X-ray
.+ procedure, so that precise determination of the regions 30, 32, 34
or 36, under consideration in the thickness measurement, is
possible in place of the fibrous structure.
Alternatively, thickness differences may be-ascertained using
20 - the stereoscan microscope in accordance with the teachings of any
of the following articles: A Dynamic Real Time 3-D Measurement
Technique for IC- Inspection by Breton, et.al., published in
Microelectronic Engineering (541-545 1986); Integrated: Circuit
Metrology, Inspection and Process Control by Breton, et. al.
25 published in the Proceedings of SPIE-International Society for .
' ' Optical Engineering (Vol. 775, March, 1987); or Real time 3D SEM
imaging and measurement technique by Breton et. al., published in
the European Journal of Cell Biology (Vol. 48, Supp. 25 1989),
which articles are incorporated herein by reference for the
30 purpose of showing alternative techniques for ascértaining
thickness differences.

A technique for determining relative differences in density
béetween various regions 30, 32, 34 and 36 of the fibrous structure
is to utilize two other known intensive properties. Particularly,

35 the ratio of the basis weight of the high basis weight regions 34
and 36 to the basis weight of the low basis weight regions 30 and

32 can be found as described above. Similarly, the ratfo of the
e
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deposited, sone fibers may bridge the apertured | ow basis wei ght regi
26, preventing the basis weight therein from being absolute zero.

smal|l variations

preclude the resulting cellulosic 35

are known and conmmonly expected in the art and do
fibrous structure 20 f

appearing teo be and functioning as an apertured fibrous structure 20.

At the-opposite end of the expected range of basis weights,

ons
Such
not
rom

t he | ow basis

17

-wei ght regions 26 have a maxi num basi s wei ght about 75 percent of the basis
wei ght of the high basis weight regions 24 and 28. |f the basi-s wei ght of

the | ow basis weight regions 26 is 5
percent of the basis weight of the high 43

10

15

20

25

30

35

greater than about 75

thicknesses .of the high basis weight regions 34 and 36 to the
thickness of the 1low basis 'weight regions can be found as
described above.

Thus, it will be apparent to-one skilled in the art that the
ratio of the basis weights divided by the ratio of the thicknesses
will yield the ratio of the densities between the high density
regions 28 and the low density regions 24 and 26, providing the
fibrous structure 20 is prepared in accordance with the teachings
of this invention. Algebraically this may be expressed as:

Density = Basis Weight/Thickness '
Rpy = Basis Weight of the High Basis Weight Regions 34 and 36
Basis weight of the Low Basis Weight Regions 26
where Rgy is the ratio of the basis weights. Similarly,
RT = Thickness of the High Basis Weight Regions 34 and 36
Thickness of the Low Basis Weight Regions 26
wherein Ry is the ,ratio of the thicknesses of the high basis

weight regions 34 and 36 to the low basis weight regions 30 and
32. Therefore,

Ra = RBW/RT
wherein RA is the ratio of the densities of the high basis weight
regions 34 and 36 to the density of the low basis weight regions
30 and 32.

It will be apparent to one skilled in the art - that if the
basis weight is held constant, the ratio of the thicknesses will
be identical to the ratio of thé.densities for any particular
regions 30, 32, 34 or 36. Thus, if one can establish that the
regions 30, 32, 34 and 36 are of constant basis weight, by merely
establishing the ratio of the thicknesses, as described above, one
can at the same time establish the ratio of the demsities, Ry. If
this ratio, Rp, s less than 0.75 or greater than 1.33, the
densities vary by more than 25% '

0 ED _AVERA R

To quantify relative differences in projected average pore
size, -a -Nikon stereomicroscope, model SMZ-2T7 sold by the Nikon
Company, of New York, New York may be used in conjunction with a
C-mounted Dage MTI model NC-70 video camera. The image from the
microscope may be stereoscopically viewed through the oculars or
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basis weight regions 24 and 28, the fibrous structure 20 is considered to
lie within the expected variations of a single basis weight fibrous
structure 20. Referring to Figure 2, the basis weight of the |ow basis 10
wei ght regions 26 relative to the basis weight of the high basis weight
regions 24 i:s dependent upon the particul ar performance characteristics
desired:in the finished product and the conpeting interests of using
avai l abl e materials in the nbst econom cal manner, consistent with

obtai ning the desired performnce of the 15 fini shed product. For
exanmpl e, while zero basis weight apertured regions 26 nmay represent the
most econonical use of raw materials, the c8fisumer may react negatively to
a consuner product, such as a paper towel or tissue, which is apertured.

Howevgr » | %V basi s yydedin fmhﬂms%ﬁsrmya%maﬁ\éamoagmuslmeemi ®khgkn such
a product -

efent on of 110 afit Fhdh AVl of 150 SACFALcHHO S W HrtER
a video card made by Data Translation of Marlboro,
Massachusetts and analyzed on a MacIntosh IIx computer made by the
5 Apple Computer Co. of Cupertino, California. Suitable software
for the digitization and analysis is IMAGE, version 1.31,
available from the National Institute of Health, in Washington,
D.C. :
The sample is viewed through the oculars, using stereoscopic
10 capabilities of the microscope to determine areas of the sample
wherein the fibers are substantially within the plane of the
sample and other areas of the -sample which have fibers deflected
normal to the plane of the sample. It may be expected that the
- areas having fibers deflected normal to the plane of the .sample
15 will be of lower density than the areas having fibers which lie
principally within the plane of the sample. Two areas, one
representative of each of the aforementioned fiber distributions,
should be selected for further analysis.
. For the user’s convenience in identifying the areas of the
20 sample of interest, a hand held opaque mask, having a transparent
_ window slightly larger than the area to be analyzed, may be used.
The sample is disposed with an area of interest centered on the
microscope stage. The mask is placed over the sample so that the
transparent window s centered and captures the area to be
25 analyzed. This area and the window are then centered on the
monitor. The mask should be removed so that- any translucent
qualities of the window do not offset the analysis.
While the sample is on the microscope stage, the backlighting
is adjusted so that relatively fine fibers become visible. The
10 threshold gray levels are determined and set to coincide with the
smaller sized capillaries. A total of 256 gray levels, as
described above, has been found to work well, with O representing
a totally white appearance, and 255 representing a totally black
appearance. For the samples described herein, threshold gray

35 levels of approximately 0 to 125 have been found to work well in
. the detection of the capillaries. -
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whi ch are deposited on or otherwi se cone in contact with the fibrous
structure 20. Furthernore, the |ow basis wei ght regi ons provide areas of
reduced section nodulus so that the fibrous structure 20 is nore conpliant,
and has a-softer feel, to the 25 user. Preferably, the | ow basis
wei ght regi ans 26 conprise about 20 percent to about 80 percent of the
total surface area of the fibrous structure 20, and nore preferably about
30 percent to about 50 percent of the total surface area of the fibrous 30
structure 20. The aggregate of the two relatively high basis weight"
regions 24 and 28, described bel ow, conprisef t he ‘bal ance of the total
surface area of the fibrous structure 20. As™hoted above, relative to the
three region fibrous structure 20, if greater tensile -strength is desired

in the final product, the éhtire selected #@9' egaion BicoibradsUnivifg Ar@ast of
the two regions 24 @il ?éralent the detected capillaries as discrete particles and
the presence of undetected fibers represented by gray level
shading. This entire selected area is cut and pasted from the
5 surrounding portion of the sample, using either the mouse or the
perfect square pattern found in the software. The number of
thresholded gray level particles, representing the projection of
capillaries which penetrate through the thickness of the sample,
and the average of their sizes (in units of area) may be easily
10 - tabylated using the software. The units of the particle size will
either be in pixels or, if desired, may be micrometer calibrated
to determine the actual surface area of the individual

capillaries.
This procedure is repeated for the second area of interest.
15 The second area is centered on the monitor, then cut and pasted

from the balance of the sample, using the hand-held mask as
desired. Again, the thresholded particles, representing the
. projection of capil]aries which penetrate through the thickness of
the sample, are counted and the average of their sizes tabulated.
20 : Any difference in the average projected average pore size ‘is
now quantified. 1If the average size of the particles of the two
areas differs by more than 25%, the intensive properties of the
areas, likewise are considered to vary more than 25%. '

' PATTERN DETERMINATION . _ :

e Knowing the size and pitch of different regions 30, 32, 34
and 36 distinguished according to basis weight and thickness (and
hence density or projected average pore size) allows one to

, determine whether or not a nonrandom repeating pattern exists in

30 the fibrous structure 20, sufficient to define at least three
different regions 30, 32, 34 and 36. If either the size or pitch
éf the thickness and basis weight measurements is different from
the other, at least three regions 30, 32, 34 and 36 are present.

If the size or.pitch are {identical, then at least three

35 regions 30, 32, 34 and 36 are present, providing the parameters

- are not matched in location on the fibrous structure 20, in which
case only two regions 24’ and 26’ are present. Matched location
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hi gher basis weight should be relatively greater. Conversely, if
absorbency and softness are desired, the percentage 18 surface area
of the Ilow basis weight region 26 should be increased. Each region
24, 26, and 28 of the fibrous structure 20 has an associ ated density. As
used herein, "density" refers to the ratio 5 of the basis

wei ght to the thickness (taken normal to the plane of the fibrous structure
20) of a region 24, 26, or 28 of the fibrous structure 20 under
consideration. The density is independent of, but related to, the basis

wei ght of the different regions 24, 26, and g8 of ‘the fibrous structure 20.
Thus, two reglons 24, 26, or

i ncr eased

can typically be determined by visual inspection of the sample
under magnification. If a more accurate or quantitative
determination is desired, it may be made using the aforementioned

indicia to assure registration.
5 Of course, it is to be recognized the aforementioned
o analytical procedures, are merely suggestions as to what
procedures may be used to identify differences in intensive
properties of a particular fibrous structure .20 under
consideration. It will be recognized by one skilled in the art
10 other, viable analytical procedures may exist and the final choice
: of which analytical procedure is to be used is best tempered by

matching the state of the art to the particular sample under
consideration.

15 | THE APPARATUS AND PROCESS

A cellulosic fibrous structure 20 as described above may be

made according to the apparatus illustrated by Figure 5 and the

process comprising the steps of providing a fibrous- slurry,

providing a liquid pervious fiber retentive forming element, which

20 retains the fibers in a substantially planar geometry, providing a

- means 44 to deposit the fibrous slurry on the forming element,

providing a means to apply a differential pressure to selected

portions the fibrous slurry in concert with a differential
pressure - cooperating member, and providing a means 50a and/or 50b N

.25 to dry the fibrous slurry. The process may be carried out using 33 

suitably modified papermaking machine, having a forming belt 42 as

the 1liquid pervious fiber retentive forming element. The

deposited fibrous slurry will eventually form one of the

aforementioned cellulosic structures 20 of Figures 2 or 3A and 3B.

30 ~ The provided fibrous slurry comprises an admixture of fibers,

including, as desired, cellulosic and noncellulosic fibers, in a

liquid carrier. Preferably, but not necessarily, the 1liquid

carrier is aqueous. The fibers are normally dispersed in a

substantially homogeneous fashion at a consistency of about 0.1

35 percent consistency to about 0.3 percent consistency. As used

herein "consistency” is the ratio of the weight of dry fibers in

- the system to the total weight of the system multiplied by 100.
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10 28 of differing basis weight nay have the sane density, or two
regions 24, 26 or 28 of the sane basis weight may have different densities.

| f -desired, density may be indirectly inferred through a related intensive
property, average pore size. Cenerally, average 15 pore size

and density. are generally inversely proportional..However, it is to be
recognized that as the basis weight of .a particular region 24, 26, or 28

i ncreases beyond a certain point, the capillaries will be occluded by
superinposed fibers, giving the appearance of a .smaller capillary size. 20
In the direction normal to the plane of the fibrous structure 20, the

regi ons 28 of higher density will typically#lave a smaller average pore
size as projected in two dinensions than regions 24 and 26 of | ower

density, without rggand &48pd N RS procksi Hdbcribed Belfod GPL Os'lﬁi_a%ﬁ @fridy 28
_out, the consistency of the admixture generally increases.
It is to be understood, of course, some fibers, particularly
those of shorter length, may be carried through the forming

5 element with the drainage of the liquid carrier and the fqrﬁing
element is still to be considered fiber retentive. However, this
does not substantially adversely affect this step of the process.
The forming element may comprise perforated films, rolls, or
plates. A particularly preferred forming element is a continuous

10 forming belt 42 illustrated by Figure 6.

If a forming belt 42 is selected for the forming element, the

forming belt 42 has two mutually opposed faces, a first face 53

and a second face 55, as illustrated in Figure 7. The first face

53 is the surface of the forming belt 42 which contacts the fibers

15 of the cellulosic structure 20 being formed. The first face 53
: has been referred to in the art as the paper contacting side of
the forming belt 42. The first face 53 has two topographically

distinct regions 53a and 53b. The regions 53a and 53b are
distinguished by the amount of orthogonal variation from the

20 second and opposite face 55 of the fgrming belt 42. Such
orthogonal variation is considered to be in the Z-direction. As
used herein the "Z-direction™ refers to the direction away from
and generally orthogonal to the forming belt 42, considering the
forming belt 42 as a planar, two-dimensional structure.

25 The forming belt 42 should be able to withstand all of the
known stresses and operating conditions in which cellulosic,
two-dimensional structures are processed and manufactured. A
particularly preferred forming belt 42 may be made according to
the teachings of U.S. Patent 4,514,345 issued April 30, 1985 to

30 Johnson et al., and particuiaf]y according to Figure § of Johnson
et al., which patent is incorporated herein by reference for the
purpose of showing a particularly suitable forming element for use
with the present invention and a method of making such forming

. element. _ .

35 ' The forming belt 42 is 1iquid pervious in at Tleast one
direction, particularly the direction from the first face 53 of
the belt, through the forming belt 42, to the second face 55 of

-
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25 Referring to Figure 2, the regions 24 and 26 defined and
“descri bed by basis weight may be further intensively subdivided and '

descri bed according to relative density differences which occur in such
basis weight intensively defined regions 24 and 26. While differences in
density anmong the | ow basis wei ght regions 26 30 . may occur, in a
fibrouss structure 20 having three regions 24, 26, and 28 it is nore

i nportant that differences in density occur in the high basis weight .
regions 24 and 28. The reason underlying this inportance is that as the
density of the high basis weight regions 24 gnd 28 (or of the |ow basis 35
weight regions 26 for that matter) increases, the degree of bonding
of overlapping fibers also increases, providing for increased tensile
strength of that rddpofprmingzbeld2- t A ysedherein "liquid pervious” refers: to

the condition where the liquid carrier of a fibrous slurry may be
transmitted through the forming belt 42 without significant
obstruction. It may, of course, be helpful or even necessary to
5 apply a slight differential pressure to assist in transmission of.
the liquid through the forming belt 42 to insure that the forming
belt 42 has the proper degree of perviousness.
It is not, however, necessary, or even desired, that the
entire surface area of the forming belt 42 be liquid pervious. It
10 is only necessary that the liquid carrier of the fibrous slurry be
easily removed from the slurry leaving on the first face 53 of the
forming belt 42 an embryonic fibrous structure 20 of the deposited
fibers. ' _
The forming belt 42 is also fiber retentive. As used herein
15 - a component is considered "fiber retentive® if such component
retains a majority of the fibers deposited thereon in a
macroscopically predetermiﬁed patﬁern or geometry, without regard
to the orientation or disposition of any particular fiber. Of
course, it is not expected that a fiber retentive component will
20 retain one hundred percent of the fibers depoSited thereon
' (particularly as the liquid carrier of the fibers drains away from
such component) nor that such retention be permanent. It is only
necessary that the fibers be retained on the forming belt 42, or
other fiber retentive component, for ‘a period of time sufficient
25 . : to allow the steps of the process to be satisfactorily completed.
The forming belt 42 (or any other forming element) must also
be able to act cooperatively with the means for applying a
differential pressure to selected portions of the fibrous slurry.
This cooperation assists in forming the fibrous structures 20,
30 described above, having at least three intensively distinguishable
' regions 24, 26 and 28 as illustrated in Figure 2; or at least four
‘intensively distinguishable regions 30, 32, 34 and 36 as
i1lustrated in Figures 3A and 3B. Thus, the forming belt 42, when
used in cooperation with the balance of the apparatus, should also
35 " be able to induce nonrandom, regular patterned differences in the
basis weight or density of the fibrous structure 20, although, as
discussed below, such patterned differences may be induced by
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strength of the fibrous structure 20 is controlled by the high basis weight
essentially continuous network region 24, it is therefore nore inportant
that i ncreased density (and hence tensile strength) be provided in such
hi gh basis wei ght essentially continuous network 24 than in the | ow basis
wei ght regions 26, because increasing the density (and hence tensile
-strength) of the | ow basis weight regions 26 of the fibrous structure 20
will have little effect on the tensile strength of the fibgrous_structure
20. The regions 28 of increased density may be continuous, formng a 10
secondary network wthin the high basis wei ght essentially
continuous network 24 or, as illustrated i 9 Figure 2, may be discrete.
To provide efficacious results, based on neasurable increases in tensile

strength, the di fdirérenemponients deNSthey apparavaenusédiein the manufacturing
process as well.

As used herein an “embryonic fibrous structure” of fibers
refers to fibers deposited onto the forming belt 42 and which are

5 _ easily deformed in the Z-direction and which may, and most likely
are, dispersed in and throughout a high percentage of the liquid
carrier. By maintaining the embryonic fibrous structure 20 at a
consistency of about 2 percent to about 35 percent, the deposited
fibers are more compliant and more easily deflected in the
10 Z-direction.

Referring again to Figure 6, the forming belt 42 may be
thought of as having a reinforcing structure 57 and a patterned
array of protuberances 59 joined in face to face relation to the
reinforcing structure 57 to define the two mutually opposed faces

15 : 53 and 55. The feinforcing structure 57 may comprise a foraminous
element, such as a woven screen or other apertured framework. The
reinforcing structure 57 is substantially 1liquid pervious and
retains the protuberances 59 in the desired patterns. A suitable

foraminous reinforcing structure 57 is a screen having a mesh size

20 of about 6 to about 50. filaments per centimeter (15.2 to 127
filaments per inch) as seen in the plan view, although it is to be
recognized that warp filaments are often stacked, doubling the
filament count specified above. The openings between the
filaments may be generally square, as fllustrated, or of any other

25 desired cross-section. -The filaments may be formed of polymeric

' strands, woven or nonwovéen fabrics.

One face 55 of the reinforcing structure 57 may be
essentially macroscopically monoplanar and comprises the outwardly
oriented face 53 of the forming belt 42. The inwardly oriented

30 face of the forming:-belt 42 is often referred to as the backside
of the forming belt 42 and, as noted above, contacts at least part
of the balance of the apparatus employed in a papermaking
operation. The opposing and outwardly oriented face 53 of the
reinforcing structure 57 may be referred to as the

35 fiber-contacting side of the forming belt 42, because the fibrous

slurry, discussed above, is deposited onto this face 53 of the
forming belt 42. :

-
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15 di screte densified regions 28 di spersed throughout the high
basis weight essentially continuous network 24 and the bal ance of the high
basis wei ght essentially continuous network 24 should be at |east about 25
percent, and preferably at |east about 35 percent. Thus, the difference

bet ween the:.densities of the high density 20 region 28 and the

| ow density regions 24 and 26 should be at |east about 25 eTﬂﬁﬂkaaﬁdBwnRsIWtd
preferably at | east about 35 percent. |f the difference in de

t han about 25 percent, such differences may fall within the n

expected manufacturing variations of fibrous products, and nma

| i kel i hood, represent ~a significant, quanP¥fiable difference

tensile strength As noted above, relative to the regions 24, 26_and 28
having different basis i Ghiterndd Aﬁaﬁ%gg?ﬁm@ﬁ)ﬁcwaﬁ] ! FAnEFOLPNEne . 20
and 28 o ! erentre nporc ng strat}{: ur(?exaC plre eraiﬂey comprises individual

protuberances 59 joined to and extending outwardly from proximal
elevation 53a of the outwardly oriented face 53 of the reinforcing
5 . structure 57 as illustrated in Figure 7. The protuberances 59 are
. also considered to be fiber contacting, because the patterned
array of protuberances 59 receives, and indeed may be covered by,

the fibrous slurry as it is deposited upon the forming belt 42.
The protuberances 59 may be Jjoined to the reinforcing
10 structure 57 in any known manner, with a particularly preferred
manner being joining a plurality of the protuberances 59 to the
reinforcing structure' 57 as a batch process incorporating a

hardenable polymeric photosensitive resin - rather than
individually joining each protuberance 59 of the patterned array
15 of protuberances 59 to the reinforcing structure 57. The

patterned array of protuberances 59 is preferably formed by
manipulating a mass of generally liquid material so that, when
solidified, such material is contiguous with and forms part of the
protuberances 59 and at least partially surrounds the reinforcing
20 ' structure 57 in contacting relationship, as illustrated in Figure
7. '
- The patterned array of protuberances 59 should be sitﬁated S0
that a plurality of conduits, into which fibers of the fibrous
* slurry may deflect, extend in the Z-direction from the free ends
25 ' 53p of the protuberances 59 to the proximal elevation 53a of the
outwardly oriented face 53 of the reinforcing structure 57. This
arrangement providés a defined topography to the forming belt 42
and allows for the liquid carrier and fibers therein to flow to
the reinforcing structure 57 (or other framework to which the
‘30 patterned array of protuberances 59 is joined), where the liquid
may be drained away and the fibers may be rearranged in response
to later applied differential pressure.
The protuberances 59 are discrete -and preferably regularly
spaced so that 1large scale weak spots in the essenfially
35 continuous network 24 of the fibrous structure 20 are not formedf
Between adjacent protuberances 59 are conduits through which the
carrier and fibers may drain to the reinforcing structure 57.



30 exact |ines of demarkation between adjacent regions 24, 26,
and 28 of different densities be apparent at all. It is only necessary
t hat increased bondi ng occur, so that failure of the bonds of adjoining
fibers is mnimzed in the presence of tensile |oading. A so, as noted

above rel ati.ve to adjacent regions having different 35

basi s’
wei ghts; small transition zones between the adjacent different
density regions 24 and 28 may be present without 20 adversely affecting

the desired properties of the fibrous structure 20. Thus, a fibrous
structure 20 manufactured according to the present I.nvention has three
|ntenS|ver di stinct regions 24, 26

More preferably, the protuberances 59 are distributed in a
predetermined, nonrandom, repeating pattern so that the
essentially continuous network 24 of the fibrous structure 20
(which is formed around the protuberances 59) more uniformly
5 distributes applied tensile loading throughout the - fibrous
structure 20. Most preferably, the protuberances 59 are
bilaterally staggered in an array,so that adjacent low basis
weight regions 26 in the resulting fibrous structure 20 are not
aligned with either principél direction to which tensile loading
10 may be applied. '
. As illustrated in Figure 7, the upstanding protuberances 59
are joined at their proximal ends to the outwardly oriented face
53 of the reinforcing structure 57 and extend away from this face
53 to a distal or free end 53b which defines the furthest
15 orthogonal variation of the patterned array -of protuberances 59
from the outwardly oriented face 53 of the reinforcing structure
57. Thus, the outwardly oriented face 53 of the forming belt 42
is defined at two elevations. The proximal elevation of the
outwardly oriented face 53 is defined by the surface of the
20 reinforcing structure 57 to which the proximal ends 53a of the
protuberances 59 are joined, taking into account, of course, any
material of the protuberances 59 which surrounds the reinforcing
" structure 57 upon solidification. The distal elevation of the
outwardly oriented face 53 is defined by the free ends 53b of the
25 patterned array of protuberances -59. The opposed and inwardly
oriented face 55 of the forming belt 42 {is defined by the other
face of the reinforcing structure 57, taking into account, of
course, any material of the protuberances 59 which surrounds the
reinforcing structure 57 upon solidification, which face is
30 -opposite the direction of extent of the protuberances 59.
The protuberances 59 may extend, orthogonal the plane of the
forming belt 42, outwardly from the proximal elevation of the
outwardly oriented face 53 of the reinforcing structure 57 about 0
millimeters (occlusions in the openings between filaments) to
35 about 1.3 millimeters, and preferably about '0.15 to about 0.25
millimeters. If the protuberances 59 have zero extent in the
Z-direction, a more nearly constant basis weight fibrous structure
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5 _ and 28. Wth reference to Table Il, the first and third -
regions 24 and 28 are of a relatively high and substantially nmutually _

equi val ent basis wei ght. The second region 26 is of relatively | ow basis
wei ght . The density of the second region 24 is internediate the
densities of. the first and third regions 26 and 10 28. The third
region 28 is of higher density than is either the first region 24 or the
second regi on 26. The first region 24 fornms an essentially continuous
network while the second and third regions 26 and 28 are discrete. 15

Table Il Regi on Rel ative Basis velght ! Rel ative Density 24
Hi gh ' Medi um 26 52 Low
Low 20 - 28 Hi gh

H gh Referring to ROuR§iidA diBBis ddsirdd @ SRrhcasi Bpértindd Fibrous
structure 20, or a fibrous structure 20 of relatively high overall
basis weight, then protuberances 59 generally extending further
from the proximal elevation 53a of the outwardly oriented face 53

5 of the'reinforcing ;tructure 57 and having a greater dimension in
the Z-direction should be utilized. Converse]y, if it is desired
to minimize the difference in basis weights between adjacent
regions of the fibrous structure 20, generally shorter
protuberances 59 should be utilized.

10 The tensile load carrying capability of the essentjally
continuous network is strongly influenced by the protuberances 59.
The protuberances 59 prefeyably do not have sharp corners,
particularly in the XY plane, so that stress concentrations in the
resulting high basis weight regions 24 and 28 of Figure 2 and 34

15 _ and 36 of Figures 3A and 3B of the fibrous structure 20 are
obviated. A particularly preferred protuberance 59 s
curvirhombohedrally shaped, having a cross-section which resembles
a rhombus with radiused corners. -

- Without regard to the cross-sectional area of the

20 - protuberances 59, the sides of the protuberances 59 may be

- generally mutually parallel and orthogonal the plane of the
forming belt 42. Alternatively, the sides of the protuberances 59

may be somewhat tapered, yielding a frustroconical shape.
It is not necessary that the protuberances 59 be of uniform

25 height or that the free énds 53b of the protuberances 59 be
equally spaced from the proximal elevation 53a of the outwardly
oriented face 53 of the reinforcing structure " 57. If it is
desired to incorporate more complex patterns than those
illustrated - into- the fibrous structure 20, it will be clearly

30 understood by one skilled in the art that this may be accomplished
by having a topography defined by several Z-directional levels of
‘upstanding protuberances 59 - each level yielding a different
basis weight than occurs in the regions of the fibrous structure
20 defined by the protuberances 59 of the other levels.

g Alternatively, this may be otherwise acconiplished hy a forming
belt 42 having an outwardly oriented face 53 defined by more than

 two elevations by some other means, for example, having uniform
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provide a four region intensively distinguishable fibrous structure 20.
Such a four region fibrous structure 20 my 25 conpri se
two regions 30 and 32 of substantially mutually equival ent and
relatively | ow basis weight and two regions 34 and 36 of substantially
mutual Iy equi valent relatively high basis weight. As illustrated in Table
11, the two | ow basis weight intensively distinguishable regions 30 and 32
are further 30 di stinguished by having nutually different
densities, these densities being the | esser two densities of -such a
“f4 brous structure 20. Li kew se, the relativel'y high basis weight

I ntensi vel y di stinguishable regions 34 and 38%are further di sti ngui shed by
having nutually different densities, these 35 densities being

the greater .two degized ipPstubefances/®h jodndd b6 QUeintdreshd sEruéure 57 having
' a planarity which significantly varies relative to the Z-direction
extent of the protuberances 59.
The patterned array of protuberances 59 may, preferably,

5 - range in projected surface area, as a percentage'of the projected
surface area of the forming belt 42, from a minimum of about 20
percent of the total projected surface area of the forming belt 42
to a maximum of about 80 percent of the projected total surface
area of the forming belt 42, with the reinforcing structure 57

10 _ providing the balance of the projected surface area of the forming-
belt 42. The contribution of the patterned array of protuberances
59 to the total projected surface area of the forming belt 42 is
taken as the aggregate of the projected area of each protuberance
59 taken at the maximum projection against and orthogonal to

15 outwardly oriented face 53 of the reinforcing structure 57.

It is to be recognized that as the contribution of the
protuberances 59 to the total projected surface area of the
forming belt 42 diminishes, the previously described high basis
weight essentially continuous network 24 of the fibrous structure

20 20 increases, minimizing the economic use of raw materials.
Further, the projected surface area between.adjacent protuberances
59- of the proximal elevation 53a of the forming belt 42 should be
increased as the length of the fibers increases, otherwise the
fibers may not cover the protuberances 59 and not penetrate the

25 ~ conduits between adjacent protuberances 59 to the reinforcing
structure 57 defined by the projected surface area of the proximal
elevation 53a.

The second face 55 of the forming belt 42 may have a defined
and noticeable topography or may be essentially macroscopically

30 , monoplanar. As used herein “essentially m?croscopicaIly
monoplanar” refers to the geometry of the forming belt 42 when it
ijs placed in a two-dimensional configuration and has only minor
and tolerable deviations from absolute planarity, which deviations
do not adversely affect the performance of the forming belt 42 in

35 producing cellulosic fibrous structures 20 as described above and
claimed below. Either geometry of the second face 55,

- topographical or essentially macroscopically monoplanar, is
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21 Table |11 Regi on Rel ative Basis Wi ght Rel ative Density 30

Low - Low 5 : 32 Low
Very Low 34 ' Hi gh H gh 36
Hi gh Medi um As |IIustrated in Figures 3A and 3B, the

hi gh basis weight, high density region 34 conprises an essentially
conti nuous network, which has the advantages of increased bonding of fibers
(due to the relatlvely hi gh density) and a high basis weight to provide a
relatively large quantity of fibers for distribution of tensile | oeading.
This region 34 will typically control t@% !

acceptable, so long as the topography of the first face 53 of the
forming belt 42 1is not interrupted by deviations of Targer
magnitude, and the forming belt 42 can be used with the process
steps described herein. The second face 55 of the forming:belt 42
5 may contact the equipment used in the process of making the
fibrous structure 20 and has been referred to in the art as the
machine side of the forming belt 42.
Referring again to Figure 5, also provided is a means 44 for
depositing the fibrous slurry onto the liquid pervious forming
10 ' belt 42, and more particularly onto the face 53 of the forming
belt 42 having the discrete upstanding protuberances 59, so that
the reinforc1ng structure 57 and the protuberances 59 are
completely covered by the fibrous slurry unless a fibrous
structure 20 having apertures for the low basis weight regions 26
15 is desired, in which case the topography defined by the free ends
. 53b of the protuberances 59 should not be covered with the
~deposited fibrous slurry. A headbox, as is well known in the art,
may be advantageously used for this purpose. While several types
of headboxes 44 are known in the art, one headbox 44 which has
20 been found to_work well is a conventional Fourdrinier headbox 44
which generally continuously applies and deposits the fibrous.
slurry onto the outwardly oriented face 53 of the forming belt 42.
The means 44 for depositing the fibrous slurry and the
'forming belt 42 are moved relative to one another, so that a
25 generally consistent quantity of the slurry may be depqsited on
the forming belt 42 in a continuous process. Alternatively, the
slurry may be deposited on the forming belt 42 in a batch process.
Preferably, the means 44 for depositing the fibrous slurry onto
the pervious forming belt 42 can be regu1ated, so that as the rate
30 ~ of differential movement between the forming belt 42 and the
depositing means 44 increases or decreases, larger or smaller
quantities of the fibrous slurry may be deposited onto the forming
belt 42 per unit of time, respectively. _
Also provided is a means 50a and/or 50b for drying the
35 fibrous slurry from the embryonic fibrous structure 20 of fibers
to form a two-dimensional fibrous structure 20 having a
consistency of at least about 90 percent. Any convenient drying
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15 tensile strength of the fibrous structure 20. The high basis
wei ght, nmediumdensity regions 36 are typically discrete, although, if nade
| arge enough relative to the other three regions 30, 32, and 34, may al so
forman essentially continuous network, independent of mhether any ot her
region 30, 32 20 or 34 fornms an essentlally conti nuous networKk.
Whet her: di screte or essentially continuous, the two high basis wei ght
regi ons 34 and 36, both al one and when aggregated are disposed in a '
nonrandom ‘repeating -pattern. The two high basis weight regions 34 and 36°
are typically adjacent, due to factors prese i nthe 25 '
manuf acturing process descri bed below. The t | ow basi s wei ght regions 30
and 32 are typically and preferably discrete. Preferably, the | ow basis
wei.ght, very | ow demsans \50acqndpors SB2 weHpkrowanin shd pameviaking Grbtdagbeoiisddhe
surface area of theydidpyoihe Sfthyoitit’ PibRbusd REfuctiiRe 20V6PRMd ks NbrurkPW
For example, pfess felts, thermal hoods, infra-red radiation,
blow-through dryers 50a, and Yankee drying drums 50b, each used
5 alone or in combination, are satisfactory and well known in the
-art. A particularly preferred drying method utilizes a
blow-through dryer 50a, and a Yankee drying drum 50b.in sequence.

Also provided is a means to apply a differential pressure to
selected portions of the fibrous structure 20. The differential

10 pressure may cause densification or dedensification of the regions
28, 32 and 36 (Figures 2, 3A and 3B) of the fibrous structure 20.
The differential pressure may be applied to the fibrous structure
20 during any step in the process before too much of the liquid
carrier is drained away, and is preferably applied while the

15 fibrous structure 20 is still an embryonic fibrous structure 20.
If too much of the liquid carrier is drained away before the
differential pressure is applied, the fibers may be too stiff and
not sufficiently conform to the topography of the patternéd'array
of protuberances 59, thus yielding a fibrous structure 20 that

- 20 does not have the described regions of differing basis weight.

As used herein a "differential pressure" means difference in
net force per unit area across the opposed faces of the
two-dimensional fibrous structure 20 and, preferably, is applied
across the opposed faces 53 and 55 of the forming belt 42. The

25 differential pressure is temporarily applied, and is not uniform
across the entire face of the two-dimensional fibrous structure
20. Instead the differential pressure is only applied to selected
regions 28, 32 and 36 (Figures 2, 3A and 3B) of the fibrous

- structure 20. :
30 It is important that the selected regions 28, 32 and 36
. (Figures 2, 3A and 3B, respectively) of the fibrous structure 20
"to which the differential. pressure is applied are not coincident
the parent regions 24 and 26 (Figure 2); or 30 and 34 (Figure 3A
and 3B) of the fibrous structure 20 defined by the topographical
. 38 ~ elevations 53a and 53b of the forming belt 42. More specifically,
such selected regions 28, 32, and 36 should be noncoincident the
topography defined by the two e1€vations 53a and 53b of the
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30 density regions 30 - so that the maxi mum savi ngs of raw
materials occurs. Wether discrete or essentially continuous, the two | ow
basi s wei ght regions 30 and 32, both al one and when aggregated, are

di sposed in a nonrandom repeating pattern. It is not necessary that the
four intensi:vely defined and 35 di stingui shed regions 30, 32,
34, and 36 be of equivalent thicknesses, or that the four fegions 30,
32, 34, and 36 be 22 limted to two or to even three distinct

t hi cknesses. ‘For exanple, typically the | ow basis weight, very | ow
density regions 32 of the fibrous structure ﬁg w 'l be of greater thickness
than the | ow basis weight, |low density regio 30 of the fibrous

outwardly oriented face 53 of the forming belt 42, and hence
noncoincident the variations in basis weights of the fibrous
structure 20, by being different in either size, pitch, pattern
(or any combination of size, pitch and pattern) to be
5 . noncoincident the topography of the forming belt 42.
For example, if the selected regions 28, 32, and 36 (Figures
2, 3A and 3B) subjected to the differential pressure are identical
in size to the cross-section of the patterned array of
_ protuberances 59 at the free ends 53b of the protuberances 59, but
10 - offset in either the machine direction, the cross. machine
direction, or both, the differential pressure will be applied
noncoincident the topographical elevations 53a and 53b set forth
by the forming belt 42. Similarly, if the selected regions 28,
32, and 36 (Figures 2, 3A and 3B) subjected to the differential
15 pressure are larger than the cross-section of the free ends 53b of
the protuberances 59, such selected regions 28, 32, and 36
(Figures 2, 3A and 3B) will be noncoincident the topographica]
elevations 53a set forth by the forming belt 42.
Of course, it is to be recognized that if the selected
20 regions 28.'32,.dnd'36 (Figures 2, 3A and 3B) subjected--to the
differential pressure are larger in area than the free ends 53b of
the protuberinces 59, some overlap of such selected regions 28,
32, and 36 into the essentially continuous network 24 of Figure 2
and the network 34 :of Figures 3A and 3B ‘and into the low basis
25 weight regions_zs and 32 of Figures 2, 3A and 3B wilT result.
Such overlap is generally not harmful to the process -described
herein and the structure 20 resulting therefrom. Therefore, no
special steps need be taken to avoid such overlap.
The differential pressure applied to the fibrous structure 20
10 may be mechanical compression, resulting from Z-directional
interference of rigid members with the two-dimensional fibrous
'structure 20. Typically, such Z-directional interference reduces
the thickness and causes densification of the interfered regions
28 to which such differential pressure was se]ecfively applied.
35 As illustrated in Figure 5, one means for applying a compressive,
densifying differential pressure to the selected regions 28, 32,
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5 structure 20, due to factors present in the manufacturing
process descri bed bel ow. Simlarly, typically the high basis weight,
medi um density regions 36 of the fibrous structure 20 will be of greater
t hi ckness than the high basis weight, high density regions 34 of the
fibrous structure 20, due to the sane factors present in 10 t he
manuf agturing process. Further, the high basis weight, high density regions
34 may be of |esser thickness than the |ow basis weight, very |ow density
regions 32. However, the relative thickness between the high basis’
wei ght, nedi umdensity regi ons 36 and the_lgy basi's wei ght, 15 _
very | ow density regions 32 and the rel ative‘t hi ckness between the high
basis weight, high density regions 34 and thé | ow basis weight, |ow density
regions 30 nmay var jind @6t (eigurts "BY 3Reanll f3B) Cof t tHeO FABAS Citrubhire 02 sUCH
region 36 or 32 wi grgfoﬂbt‘ﬁ@xé pattenél IR 6F uptahding Protilerkiies Sot han the.
ot her such region
, It will be apparent to one skilled in the art that another
component of the apparatus is necessary to resist the applied
5 differential pressure - otherwise, the fibers to which the
differential pressure is applied may break out of the fibrous
structure 20, leaving undesired holes or tears. A component which
resists the selective1y applied differential pressure ‘to cause
densification or dedensification of selected regions 28, 32, and
10 36 {Figures 2, 3A and 3B) of the fibrous structure 20 is referred
to as a differential pressure cooperating member. As described
below, the differential pressure cooperating member may be a
smooth rigid surface, such as may be found on an impression roll
. 64, a Yankee drying drum 50b, or may be another be‘lt 46 having a
15 defined topography.

As noted above, it is important that the differential
pressure be selectively applied to regions 28, 32, and 36 of the
fibrous structure 20 which do not identically correspond to the
parent regions 24 and 26 of Figure 2; or the parent regions 30 and

zd 34 of the fibrous structure zo_of Figures 3A and 3B, which regions
aré defined by different basis weights, so that noncoincidence
occurs. To make sure that coincidence does not occur and
noncoincidence. does occur, it may be necessary to transfer the
fibrous structure 20 from the forming belt 42 (or other forming

28 element) onto which the fibrous slurry was deposited to another
component which may act to noncoincidentally se]ectively apply the
differential pressure.

One preferred such component {is a secondary belt 46,
i1lustrated in Figure 4, having vacuum pervious regions 63 and

30 projections 61 which are not coincident the patterned array of
protuberances 59 of the forming belt 42 on which the fibrous
slurry was deposited, and hence not coincident the regions 24 and
26 of Figure 2; or the regions 30 and 34 of Figures-3A and 3B,
which regions represent the differing basis weights of the

35 o embryonic fibrous structure 20. The projections 61 of the
secondary belt 46 may be continuous or discrete and joined. to
reinforcing structure 57. The free ends 53b of the projections 61
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20 or 30. For exanple and as stated in Table Ill, typically the
hi gh basis weight, high density region 34 wll be of greater density than

t he hi gh basis weight, nmediumdensity region 36.- Further, the | ow density,
| ow basis weight region 30 wll be of greater 25 density than the
| ow basis wei ght, very |low density region 32. However, the density of the
hi gh basis wei ght, nmediumdensity region 36 may be greater than, |ess than
or equivalent the density of the | ow basis weight, |ow density region 30.
The relative difference between the densities of these regions 36 and 30 is

30 dependent upon the ratio of t hgg basi s* wei ghts to the thickness
of such regions 36 and 30. Such differences in thicknesses between the

regions 30, 32, 34, and 36 may be acconplished, as described bel ow, by
ei ther conpressi n@ayi ber ysedf tohsoprrgs®nseIBctedndregipnsa2Bngf a thesEbrous

structure 20 of Figure 2 against the forming belt 42, causing

densification of such regions 28 relative to the circumjacent high

basis weight regions 24 of the two-dimens1ona1 fibrous structure
5 20 of Figure 2.

It will be apparent to one skilled in the art that the low
basis weight regions 26 of the fibrous structure 20 which are
registered with the projections 61 of the secondary belt 46 will

~ not be densified to the same degree as the higher basis weight

10 _regions 28 registergd with and cbrresppnding to the high basis

weight regions 24 of the fibrous structure 20, because such lower

basis weight regions 26 have fewer fibers, are more compliant, and

may therefore deform to the topography set forth by the

projections 61 and the differential pressuée cooperating member

15 without significant densification, rather than be coﬁpressed
thereinbetween. : '

A secondary belt 46 having knuckles on the outwardly oriented
face 53 and formed by overlapping warp and weft fibers, as is well...

_ known in the art, .produces a pattern of projections 61 against the
20 fibrous structure 20, which pattern statiﬁticé]]y will not
correspond in size or position to the pattern of low basis weight
regions 26 and 30 of the fibrous structure of Figures 2, 3A and 3B
caused by the protuberances 59 déscribéd relative to the first
forming belt 42. A suitable secondary belt 46 for this purpose is
25 - described in U.S. Patent 3,301,746 issued January 31, .1967 to
Sanford et al., which patent is incorporated herein by reference
for showing a suitable differential pressure cooperating member
for use in applying a differential pressure to the two-dimensional
fibrous structure 20. Of course, by making very slight changes in
30 ' the size or pitch of the projections 61 of the secondary belt 46,
relative to the size and pitch of the protuberances 59 of the
forming belt 42 onto which the fibrous slurry-was deposited, one
can virtually assure that the patterns will never correspond and
" noncoincidence is achieved.
35 Alternatively, the secondary belt 46 may be made of a
. patterned array of projections 61, and other suitable framework,
- and reinforcing structure 57 construction, similar or identical to
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35 t hi ckness or by expanding nornmal to the plane of the fibrous
structure 20 the fibers of the regions 32 and 36 having greater thickness.
However, it is to be recognized that typically the 23 nultiple of the

t hi ckness and density for either of the two | ow basis weight regions 30 and
32 will be nutually equivalent. Likew se, the product obtained by

mul tiplsying the thickness and density for either of the high basis weight
regions 34 and 36 will 5 _ be nutual |y equival ent. For regions
.30, 32, 34 and 36 having equal basis weights, thickness and density

are inversely proportional. Preferably, thesgggregate.of the projected
surface areas of :

that used for the first forming belt 42. In yet another
alternative, the projections 61 of the secondary belt 46 may form
"an essentially continuous network, as disclosed in U.S. Patent
4,528,239 issued Jhly 9, 1985 to Trokhan and incorporated herein

5 by reference for the purpose of showing another secondary belt 46
suitable as a differential pressure cooperating member.

The projections 61 of the secondary belt 46 may be smaller in
surface area than the upstanding protuberances 59 of the forming
belt 42 (or other forming element) onto which the fibrous slurry

10 was originally deposited. By having the upstanding projections 61
of the secondary belt 46 smaller in surface area than the
protuberances 59 of the forming belt 42 (or other forming element)
the discrete densified regions 28 of the fibrous structure 20 of
Figure 2 will likely not bridge regions of the essentially

15 continuous network 24 maintaining ?lexibility. Alternatively, if

' the projections 61 of the secondary belt 46 are larger in surface
area than the protuberances 59 of the first forming belt 42,
larger densified regions 28 may be expected, ‘and a fibrous
structure 20 having greater tensile strength is typically formed

20 at the loss of flexibility.

. Similarly, the pitch of the projections 61 of the secondary
belt 46 should be less than the pitch of the protuberances_SQ-of
the forming belt 42 or other forming element. If the pitch of the
projections 61 of the secondary belt 46 is less than the pitch of

25 _ the protuberances 59 of the _fofhing' belt 42 or other forming
element, a more closely spaced pattern of densified regions 28
results and a generally higher tensile strength fibrous structure
20 is formed. It is generally not desired that the entire high
basis weight essentially continuous network 24 of the fibrous

30  Structure 20 be densified, as this results in a stiffer, less
absorbent fibrous structure 20. )

' The fibrous structure 20 may be directly transferred from the
forming belt 42 to a secondary belt 46 using conventional and well
known techniques. The secondary belt 46 projections 61 then

35 compress selected regions 28 of the fibrous structure 20 against
the differential pressure cooperating member. In such an
arrangement, a nip 62 may be defined between an impression roll 64
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the two | ow basis weight regions 30 and 32 conprises about 20 10

percent to -about 80 percent of the total area of the fibrous structure 20,
and preferably about 30 to about 50 percent of the projected total surface
area of the fibrous structure 20. The aggregate of the projected surface
areas of the two relatively high basis weight regions 34 and 36 conpri ses

t he balkance of the 15 projected surface area of the fibrous
structure 20. As noted above, relative to the three region fibrous
structure of Figure 2, if greater tensile strength is desired in the final
product, the aggregate of the two regions 34 ¢nd 86 of higher basis weight
shoul d be relatlvely greater. Conversely, if Tncreased absorbency 20

or softness is desired, the aggregate of the two | ow basis weight regions
30 and 32 shoul d bennurn:uampdsed&metrakunfacé Atnieesdrydngd ldeund 50b,0ass istwelict ur es

|22 ﬁg;‘,ordl Ng to theneRk §7HHe ar‘tnveme | 9Brous! Rrudtare 128! Fasses EMfoush WP 1t
62 formed between the impression roll 64 and the Yankee drying
drum 50b. In this nip 62, the protuberances of the secondary belt
5 46 compress the regions 28 of the fibrous structure 20 registered .
with the projections 61 against the rigid surface of the Yankee
drying drum 50b, causing such registered regions 28 of the fibrous
structure 20 to be densified. .
. Furthermore, the steps of applying a differential pressure to
10 selected regions 28, 32, and 36 of the fibrous structures 20
' (Figures 2, 3A and 3B) and the steps of drying the fibrous
structures 20 may be advantageously_cbmbined. Particularly, if a
Yankee drying drum 50b is used to dry the fibrous structure 20,
the surface of the Yankee drying drum 50b may also be utilized to
15 impart a differential pressure to selected regions of the fibrous
structure 20. _
To accomplish the application of differential pressure
concurrent with drying, the two-dimensional fibrous structure 20
is transferred to a secondary belt 46 having a topography
20 different than that of the forming belt 42 onto which the-fibrous
slurry was‘ originally deposited so that noncoincidence is
achieved. The secondary belt 46 may be Juxtaposed with the Yankee
drying drum 50b to define a nip 62 therebetween. The fibrous
structure 20 is passed' through the nip 62, is compressed in
25 selected regions 28, as -described above, while being transferred
to the Yankee drying drum 50b where drying occurs. =
If the process further comprising the steps of transferring
the two-dimensional fibrous structure 20 to a secondary belt 46,
or other differential pressure cooperating member, is selected,
30 providing again that the topography of such secondary belt 46 does.
not correspond in pattern to the forming belt 42, a four
"intensively distinguished region fibrous structure 20 may be
formed, as {llustrated in Figures 3A, 3B and 4. This fibrous
structure 20 occurs through the application of a differential
35 - fluid pressure to selected regions 32 and 36 of the fibrous
_ structure 20. Instead of the compressive mechanical interference
differential pressure described above, the applied differential
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necessary -that the fibrous structures 20 be [imted to two basis 25

wei ghts, as disclosed above, or to four densities as disclosed above. It
is possible that fibrous structures 20 according to the present invention
may have three or nore regions defined by basis weights and al so nore than

four regions defined by densities. Therefore, the conbinations and

- pernmutati ons of regions based upon 30 the product of regions
having differing basis weights and differing densities is al nost

limtless, but is certainly at |east three and four, as noted above, and

may be greater as shown bel ow. Ot her ways exigt to.increase the tensile
strength of the fibrous structure 20 accordi to the present invention,
and to 35 enhance the drying of a fibrous slurry to the
aforenmentioned fi br pessstird wRyUbe 2F185d Pressupesdsuah| @sv.a positiv¥ apidssuret O
increase the tensil guaf & AN F, tR8ad, BrOYone ek UG Oto Bnat LGRSy
oriented face of the two-dimensional fibrous structure 20 while it
is on the forming belt 42.
5 Alternatively, the fluid pressure may be subatmospheric.  If
the fluid pressure is subatmospheric, it may be applied by a
vacuum administered to the fibrous structure 20. The vacuum may
be applied to the inwardly oriented face 55 of the reinforcing
structure 57 of the vacuum pervious regions 63 of the secondary'
10 belt 46, as illustrated in Figure 5. The use of a vacuum box 47,
as is well known in the art, may be satisfactorily employed as a
means to apply a differential fluid pressure to the fibrous
structure 20. Further, the use of a vacuum box 47 for this
purpose advantageously deflects fibers in the embryonic fibrous
15 structure 20 into conformance with the topography of the secondary
belt 46. _
Applying a - differential - fluid pressure, particularly a
) : subatmospheric fluid - pressure, to selected regions 32 and 36 of
the fibrous structures 20 of Figures 3A and 3B decreases the
20 Qensity of such regions 32 and 35 by expanding the fibers -of the
parent regions 30 and 34, respectively, in the Z-direction. This
step results in a thicker, softer, more absorbent cellulosic
fibrous structure 20. ' ' _ : :
As noted above, it is important to apply the differential
25 pressure to regions 32 and 36 of the two-dimensional fibrous
structure 20 which do not identically correspond to the above
described parent high basis weight regions 34 (or low basis weight
regions 30) so that noncoincidence is maintained. Therefore, it
may be desirable to transfer the fibrous structure 20 to a
30 differential pressure cooperating member, such as a secondary belt
' 46, having vacuum pervious regions 63, such as apertures, which
are not coincident, in at least one of size, pattern, and pitch,
to the parent high and low basis wéight regions 30 and 34, noted
above, of the fibrous structure 20.
35 - The differential fluid pressure is transferred to the fibrous
" structure 20 through the noncoincident vacuum pervious regions 63
of the secondary belt 46. Preferably, such vacuum pervious
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24 additive, such as |atex binder-or an adhesive, nmay be added to the high
basis wei ght essentially continuous network 24 at discrete sites, rather
than or in addition to having regions 28 of increased density distributed
t hr oughout the high basis weight essentially continuous network 24. Al so,
tensile strength may be enhanced by having greater orientation and
parallelismof fibers at discrete sites throughout the high basis weight
essentially continuous network 24. Further, instead of increasing the
density, the basis weight my be 10 i ncreased t hroughout various
sites within the high- basis. weight essentlgkly continuous network 24 to

provide nore fibers, and hence nore fiber bonds, to carry and dlstrlbute
tensile | oads.

regions 63 are discrete, so that an essentially continuous network
of low density regions 32 and 36 does not result, and a decrease
in the tensile strength of the fibrous structure 20 can be
obviated. Also such vacuum pervious regions 63 of the belt 46

5 should be disposed in a nonrandom, regular repeating pattern so
that tensile strength variations throughout the fibrous structure
20 are minimized.

If a secondary belt 46 is selected for the differential

pressure cooperating member, 1t .may be patterned with an

10 essentially discontinuous vacuum impervious network, so*that such

pattern may be.transferred to the four region fibrous structure 20

to be formed, further increasing its tensile strength. If this

further processing step is selected, a very suitable secondary

‘ belt 46 to which the fibrous structure 20 may be transferred is

15 described in U.S. Patent 4,528,239 issued July 9, 1985 to Trokhan,

which patent is incorporated herein by reference for the purpose

of showing a particularly suitable vacuum pervious differentia1

pressure cooperating member. -

_ It will be apparent to one skilled in the art that the high

20 basis weight regions 34 and low basis weight regions 30 of the

fibrous structure 20 transferred to the secondary belt 46

statistically will not register with the pervious regions in such

secondary belt 46. When a subatmospheric differential fluid

pressure or a positive differential fluid pressure is applied to

25 - the fibrous structure 20 while on the secondary belt’ 46, the

vacuum pervious regions 63 of the secondary belt 46 cbincidenb

with both the high basis weight regions 36 and low basis weight

regions 32 of the fibrous structure 20 will be subjected to the

differential pressure, causing dedensification of such subjected

30 regions 36 and 32 to occur, as {llustrated in the fibrous
structure 20 of Figures 3A and 3B.

Thi's step results in a four region fibrous structure 20 (even
without the aforementioned step of applying a compressive
differential pressure to selected regions 28 of the fibrous

35 'stuucture 20). Two of the four regions 30 and 32 result from the
low basis weight parent regions 30 of the fibrous structure 20,
i.e., low basis weight regions 32 subjected to and low basis
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Finally, increased bonding of fibers nay occur at discrete sites within the
hi gh basis wei ght essentially continuous network 24. 15 Al'l  such

nodi fications to the high basis weight essentially continuous network
24 provide for enhanced distribution of any tensile |oading which:is

applied to the fibrous structure 20. ANALYTI CAL PROCEDURES 20 .

BASI S WEI GHT The basis weight of a fibrous structure 20 according to the
present invention nmay be qualitatively nmeasured by optically view ng (under
magni fication if desired) the fibrous structure 20 in a direction generally
normal to the plane of the fibrous 25 63 structure 20. | f

differences in the amunt of fibers, particularly the anount observed
fromany line normal to the plane, occur in a nonrandom regular repeating
pattern, it can geedsht | xeghensd ciler atn csubierted haei Thewcisglrctively crappided occur

In a differential pressure, respectively. Two of the four regions 34
and 36 result from the high basis weight parent regions 34 of the
fibrous structure 20, i.e., high basis weight regions 36 subjected

5 to and high basis weight regions 34 not subjected to the
selectively applied differential pressure, respectively.
It will be apparent to one skilled in the art that multiple
_vacuum boxes 47 may be utilized in seriatum to apply different
amounts of differential fluid pressure to the fibrous structure
10 20, so that more than four (e.g., six, eight, etc.) regions of _*'
differing densities and basis weights may be formed. Of course,
if a fibrous structure 20 having more than two dedensified regions
is to be formed, the fibrous structure 20 must be shifted relative
to the vacuum pervious regions 63 of the secondary belt 46, as for
15 example, by transferring the fibrous structure 20 to a different
secondary belt 46. Optionally, the further step of compressing
other selected portions of the fibrous structure 20 may be
employed before or after the step of applying the differential
. fluid pressure to further increase the total number of intensively
20 distinguished reéions 30, 32, 34 and 36 in the fibrous structure
'20. . ' :
Thus, it will be apparent to one skilled in the art that the
application of differential pressure to selected regions 28, 32,
and 36 of the fibrous structures 20 of Figures 2, 3A and 3B can
25 result in either discrete or essentially continuous regions of
greater density (region 28) or of lesser density. (regions 32 and
-36) than that of the parent regions 24, 30 or 34 subjected to such
differential pressure - dependent upon whether the selectively
applied differential pressure is compressive (such as mechanical
30 interference) or draws the fibers away from the plane of the
fibrous structure 20 (such as a fluid pressure).
If desired, the apparatus according to the present invention
may further comprise an emulsion roll 66, as shown in Figure 5.
The emulsion roll 66 distributes an effective amount of a chemical
a5 compound to either.jforming belt 42 or, if desired, to the
secondary belt 46 during the process described above. The
chemical compound may act as a release agent to prevent undesired
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| i ke fashion. 30 Particularly the judgnent as to the anpunt
of fibers stacked on top of other fibers is relevant in determning the
basis weight of any particular region 24, 26 or 28 or differences in basis
wei ghts between any two regions 24, 26 or 28. General ly,

di fferences.in basis weights anong the various regions 24, 26 or 35

28 wi |l be indicated by inversely proportional differences in the anpunt of
light transmitted through such regions 24, 26 or 28. 25 I f a nore
accurate -determ natiion of the basis weight of one region 24, 26 or 28

relative to a different region 24, 26, or 286 i s desired, such nmagnitude of
relative distinctions may be 4 : '

adhesion of the fibrous structure 20 to either forming belit 42 or.
to the secondary belt 46. Further, the emulsion roll 66 may be
used to deposit a chemical compound to treat the forming belt 42
or secondary belt 46 and thereby extend its useful 1life.
5 Preferably, the emulsion is added to the outwardly oriented
topographical faces 53 of the forming belt 42 or secondary belt 46
when such forming belt 42 or secondary belt 46 does not have the
fibrous structure 20 in contact therewith. Typically, this will
occur after the fibrous structure 20 has been transferred from thé
10 forming belt 42 to the secondary belt 46, or from the -secondary
‘ belt 46 to the Yankee drying drum 50b and the forming belt 42 or
the secondary belt 46 is on the return path. _
Preferred chemical compounds for emulsions ‘include
compositions containing water, high speed turbine oil known as
15 Regal 0il1 sold by the Texaco 0i1 Company of Houston, Texas under
product number R0 68 Code 702; dimethyl distearyl:
ammioniumchloride sold by the Sherex Chemical Company, Inc. of
Rolling Meadows, I11inois as ADOGEN TA100; cetyl “alcoho¥
manufactured by the Procter & Gamble Company of Cincinnati, Ohio;
20 and an antioxidant such as is sold by American Cyanamid of- Wayne,
New Jersey as Cyanox 1790. :
' Also, if desired, cleaning showers or sprays (not §hown) may
be utilized to cleanse the forming belt 42 and secondary belt 46
of fibers and other residues remaining after the fibrous structure
25 20 is transferred to the Yankee drying drum 50b or $0 removed from
any forming element and any differential pressure cooperating
member.
An optional, but highly preferred step in either
aforementioned process of forming a cellulosic fibrous structure
30 ' 20 having at least three regions 24, 26, and 28 or having four
regions 30, 32, 34, and 36 (Figures 2, 3A and 3B) is
'foreshortening the fibrous structure 20 after it is dried. As
used herein, "foreshortening” refers to the step of reducing the
length of the fibrous structure 20 by rearranging the fibers and
35 disrupting fiber-to-fiber bonds. Foreshortening may be

accomplished in any of several well known ways,'the most common
and preferred being creping.
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quantified using multiple exposure soft X-rays to nmake a 5

radi ographi ¢ i mage of the sanple, and subsequent image analysis. Using the
soft X-ray and inage anal ysis techni ques, a set of standards havi ng known
basis weights are conpared to a sanple of the fibrous structure 20. The
anal ysis uses three masks: one to show the discrete | ow basis wei ght

regi onss 26, one to show the 10 - conti nuous network of high basis
wei ght regions 24 and 28, and one to show the transition regions 33.
Reference will be nade to Figures 9-14 in the foll ow ng description.

However, it is to be understood while Figurese9-14 relate to a specific
exanpl e, the follow ng description of basis weight determnation is not so

15 limted. In the conparison, the standards and the sanple are
si nul taneously soft X-rtheedtapnobrarepingomays ber acxompldsidc i idonjunet iohewighay

level image of the g Bt& of iy st by<utMizing tRKQPordhentioned Yankee drying
drum 50b. In the creping operation, the cellulosic fibrous
structure 20 is adhered to a surface, preferably the Yankee drying
5 _ drum 50b and then removed from that surface with a doctor blade 68
by the relative movement between the doctor blade 68 and the
surface to which the fibrous structure 20 is adhered. The doctor
blade 68 is oriented with a component orthogonal the direction of
relative movement between the surface and the doctor blade 68, and
10 - is preferably substantially orthogonal thereto.

It will be apparent that several combinations, permutations,
orders and sequences of the foregoing steps, structures and
apparatus are possible, all of which are within the scope of the
claimed invention. For example, two laminae of cellulosic fibrous

15 structures 20 may be joined in face to face relationship, to form
a two ply cellulosic fibrous laminate. Alternatively, a single
lamina fibrous structure 20 according to the present invention may
be joined in face to face relationship with a lamina of a fibrous

“structure 20’ according to the prior art (or with a Tlamina
20 heretofore unknown) to form a two ply cellulosic fibrous laminate.
' A1l such laminates are but variant embodiments of the present
invention. Furthermore. the fibrous structure 20 according to the
present invention may be perforated or cut without departure from

the scope of the appended claims.

25

. EXAMPLES
~ Given below are nonlimiting exampies of two cellulosic
fibrous structures 20’ and 20. The examples show the basis weight
differences and patterns formed thereby (or absence of patterns)

30 in a cellulosic fibrous structure -20 according to the preséent
invention and a cellulosic fibrous structure 20’ according to the
‘prior art. -

Referring to Figure 8, shown is a plan view of a soft X-ray
jmage of commercially available Bounty brand paper towel

35 manufactured and sold by The Procter and Gamble Company, of
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the sanple and the intensity of the image is recorded on the film 20
In proportion to the anmpbunt of mass, representative of the fibers in the

fibrous structure 20, in the path of the X-rays. |f desired,
may be carried out using a Hewl ett Packard Faxitron X-ray unit supplied by

the Hewl ett .Packard Conpany, of Palo Alto, California. X-ray filmsold as

NDT 35 :by 25 the E.I. DuPont Nenours & Co.

of WI m ngton,

Del aware and JOBO fil m processor rotary tube units may be used to
advant ageously devel op the imge of the sanple described herei nbel ow. Due
to expected and ordinary variations between ggfferent X-ray units, the

operator nust set the optinmum exposure conditions 30

for each

X-ray unit. As used herein, the Faxitron unit has an X-ray source size of
about 0.5 millinet drigcingati,chig; | Yhile dhe diffenenbesalprs dndifabel olifferant
three mllianp contbasioweightsr efithin Ttie fstruweture 200( ce2 sbnPirkiose repestingit 61

centinmeters and theyattern is not apparent.

The fibrous structure 20’ of Figure 8 has a field of view of
about 8.66 centimeters by 8.66 centimeters (3.41 inches by 3.41
inches) and about 1,048,576 pixels within the field of view. A
total of 1,048,547 nonzero value pixels, 29 zero value pixels,
were present in the field of view. The actual mass of the sample,
determined by weighing, was 0.0573 grams. The calculated mass was
0.0576 grams, yielding an error of 0.5 percent. The average basis
weight was determined to be 10.94 pounds per 2,880 square feet

- with a standard deviation of 3.1 pounds per 2,880 square feet.

The regression output had 4 degrees of freedom.

Figure 9 is.a soft X-ray image of the fibrous structure 20
illustrated in figures 3A and 3B. Note that the nonrandom,
repeating pattern of the discrete darker low basis weight regions
30 and 32 is apparent, indicating such low basis weight regions 30
and 32 have a lower basis weight than the circumjacent high basi%
weight regions 34 and 36 which appear principally lighter in
color. : o

The sample of Figure 9 has the same field of view and pixel
density as the sample of Figure 8. The sample of Figure 9 has a
actual mass of 0.073 grams, and a calculated mass of 0.072 grams

for an error of less than 2 percent. The high basks weight -

regions 34 and 36 of Figure 9 exhibit a total of 52,743 nonzero

- pixels, ‘an average basis weight of 22.2 pounds per 2,880 square

feet, and a standard deviation of 5.3 pounds per-2,880 square
feet. The low basis weight regions 30 and 32 of Figure 9 exhibit
35,406 nonzero pixels, an average basis weight of 8.5.pounds per
2,880 square feet and a standard deviation note 3.7 pounds per
square feet. Between the low basis weight regions 30 and 32 and

‘the high basis weight regions 34 and 36 are transition regions 33,

which regions 33 exhibit a total of 3,128,290 pixels, an average
basis weight of 16.1 pounds per 2,880 square feet (approximately
mid-way between the average basis weights of the low basis weight
regions 30 and 32 and the high basis weight regions 34 and 36) and
a standard deviation of 5.5 pounds per 2,880 square feet.

the soft X-ray
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vol tage about 8 kVp. The only variabl e paraneter is the exposure 35

~time, which is adjusted so that the digitized image woul d yield a nmaxi num
contrast when hi stogrammed as descri bed bel ow. 26 The sanple is die cut
to di mensions. of about 2.5 by about 7.5 centineters (1 by 3 inches). If
desired, the sanple may be nmarked with indicia to allow precise
determ:nation of the locations of regions 24, 26 and 28 havi ng

di stingui shabl e basis weights. Suitable indicia may be incorporated
into the sanple by die cutting three holes out of the sanple with a

smal | punch. For the enbodi nents described lgerein,' a punch about 1.0

mllimeters (0.039 inches) in dianeter has been found to work well. The
hol es may

Ratioing the basis weight of the high basis weight regions 34
and 36 to the basis weight of the low basis weight regions 30 and
32, yields a value of 2.6. This ratio is greater than the
approximately 1.33 minimum ratio (25 percent) judged necessary to

5 . determine the presence of ‘a repeating pattern of, differences in.
basis weights.. A second area of interest (not shown) of the
fibrous structure 20 from which the sample of Figure 9 was taken
shows the high basis weight regions 34 and 36 to have an average
basis weight of 18.2 pounds per 2,880 square feet, the transitions

10 . regions to have a basis weight of 12.9 pounds ﬁer 2,880 square
feet and the low basis weight regions 30 and 32 to have a basis
weight of 5.8 pounds per 2,880 square feet. The ratio of the
average of the basis weights'of the high basis weight regions 34
and 36 to the average of the low basis weight regions 30 and 32

15' in the second area of interest is about 3.2.

It can be seen that the results obtained from either area of
interest of the fibrous structure 20 according to the. present
invention, the area illustrated in Figure 9 or the area not shown,
produces surprisingly close correlation of results for the level

20 of ~precision available 1in this type of measurement. This
correlation of results lends creditabtlity to the measurement
technique.

Figure 10 is an enlarged plan view of the fibrous structure
20 illustrated in Figure 9. The high density regions 34 and 36
25 and the transition regions 33 between the high density region; 34
and 36 and the low density regions 30 and 32 are both masked.
This masking leaves a very apparent nonrandom, repeating pattern
of low basis weight regions 30 and 32. It can be seen that the
low basis weight regions 30 and 32 are mutually discrete and
30 ' biaxially staggered. It is not necessary, however, that each low
' . basis weight region 30 or 32 be generally equivalent in shape to
any other low basis weight region 30 or 32. Furthermore, it is
not necessary that the discrete regions of the fibrous structure
‘ 20 - be of low basis weight, only that ‘a nonrandom, repeating
35 ' pattern be present.
Figure 11 is an enlarged plan view, simi]ar to Figure 10, of
the structure of Figure 9 masking both the low basis weight
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be colinear or arranged in a triangular pattern. 10 These

i ndicia may be utilized, as described below, to nmatch regions 24, 26 and 28
of a particular basis weight with regions 24, 26 and 28 di stingui shed by
ot her intensive properties, such as thickness and/or density. After the
indicia are.placed on the sanple, it is weighed on an anal ytical bal ance,
accurat.e to four 15 significant figures. The DuPont NDT 35 film
is placed onto the Faxitron X-ray unit, emnulsion side facing upwards, and
the cut sanple is placed onto the film About five 15 millinmeter X
15 mllinmeter calibration standards of knome basi's wei ghts (which

approxi mate 20 and bound the basis %eight of the various regions
24, 26, and 28 of the sanple) and known areas are al so placed onto the

X-ray unit at the sragords 38, amio32 harid tiie ddgiubasts lwasght wegighs 3oawt ag. | evel
calibration can be QhbaiiagdaRaekt tirdR1£10R *g56R 38 {HiE SRTB Gnd Sseparate
the low basis weight regions 30 and 32 from the high basis weight
regions 34 and 36. As expected, the transition regions 33
circumscribe the low basis weight regions 30 .and 32 and are
distinct from the bilaterally staggered and adjacent transition
regions 33.

Figure 12 is-an enlarged plan view similar to Figures 10 and
11, of the fibrous structure 20 of Figure 9. The low basis weight
regions 30 and 32 and transitioh regions 33 of Figure 11 have been
mhsked, Teaving a contipuous network of high basis weight regions
34 and 36. This leaves a very apparent nonrandom,- repeating
pattern of a continuous network of high basis weight regiohs 34
and 36 having voids where the low basis weight regions 30 and 32
and the transition regions 33 were masked. It is not necessary
that any particular portion of the high basis weight regions 34
and 36 be quantitatively equivalent in basis weight to any other
portion of the high basis weight regions 34 and 36, but only that
a nonrandom, repeating pattern occur.

Figure 13 is an enlarged plan view, similar to Figures 10-12,
of the fibrous structure of Figure 9 having the transition regions
33 which divide the low basis weight regions 30 and 32 from the
high basis weight regions 34 and 36 masked. It is apparent that
the generally mutually discrete low basis uéight regions 30 and 32
again form the repeating pattern of isolated bilaterally staggered
regions amidst the continuous network of the high basis weight
regions 34 or 36.

Figure 14 is an enlarged plan view similar to Figures 10-13,
of the structure of Figure 9 illustrating all .regions 30, 32, 34
and 36 without any masking. While it is apparent that with all
regions 30, 32, 34 and 36 combined, the nonrandom, repeating
"pattern is present. The aid of isolating the transition regions
33 and using the aforementioned masking steps to separate the low
basis weight regions 30 and 32 from the high basis weight regions
34 and 36 will assist one skilled in the art in determining when a

I
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exposed and devel oped. Heliumis introduced into the Faxitron for 25
about 5 mnutes at a reqgulator setting of about one psi, so that the air is
purged and, consequently, absorption of X-rays by the air is mnimzed.
The exposure tine of the unit is set for about 2 mnutes. Follow ng the
hel i um purging of the sanple chanber, the 30 sanple is exposed to
"the sofit X-rays. Wen exposure is conpleted, the filmis transferred to a
safe box for devel opi ng under the standard conditions reconmended by E.|I.
DuPont Nermours & Co., to forma conpl eted radi ographic i mage. The preceding
steps are repeated for exposure tinme periods_gf 35 about 2.2,
2.5 3.0, 3.5 and 4.0 mnutes. The filminmgé made by each exposure tine
is then digitized by using a high resolution radi oscope Li ne Scanner, made
by Vision Ten of Tonongamdom, repeating pattern occurs within the fibrous structure

20.
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27 California, in the 8 bit node. | mages may be digitized at a spati al
resolution of 1024 x 1024 discrete points representing 8.9 x 8.9
centinmeters of the radi ograph. Suitable software for this

~5___~_______puLpgse i ncl udes
Radi ogr aphi ¢ 1 magi ng Transm ssi on and Archive (RITA) nade by

Vision Ten. . The inmages are then histogramed 1igs $hed BlegBee “Qquency of

occurrence of each gray |evel value. The standar : . .recorded for
each exposure tinme. The exposure tine yielding 4 - ndard

deviation is used throughout the follow ng steps. “the exposure tinmes do
not 10 yi el d a maxi nrum standard devi ati.on, the range of exposure

ti mes shoul d be expanded beyond that iljgistrated above. The standard
devi ations associated with the i mages of expanded exposure times

CLAIMS: .

1. A single lamina cellulosic fibrous structure comprising at least
three regions, said three regions disposed in a nonrandom, repeating
pattern and being distinguished from each other by at least one
intensive property, and preferably characterized in that said

- intensive properties are selected from the group consisting of basis
weight, density, and projected average pore size, and more
preferably characterized in that said basis weight or"density-of at

least one region is at least 25 percent different than said basis
weight or density of another region.

2. A three region cellulosic fibrous structure comprising:
' an essentially continuous network of fibers, said
network having a first basis weight and a first density;

a first nonrandom, repeating pattern of discrete regions
dispersed throughout said essentially continuous network;
said dispersed discrete regions having a basis weight at
least 25 percent less than said first basis weight of said
continuous network or a density at least 25 percent less
than said first density of said continuous network; and

a second nonrandom, repeating pattern of densified' _
regions dispensed throughout said essentially continuous
network, and having a density at least 25 percent .greater
than said first density of the balance of said essentially
continuous network, and preferably chafacterized_in that
said essentially continuous network and said densified
regions have generally mutually equivalent ‘basis weights,
and more preferably characterized in that said second

pattern of densified .regions comprises regions . having
mechanically compressed fibers.
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shoul d be recal cul ated. These steps are repeated until a clearly maxi num
standard devi ati on becones appaLenL;_Ingkggﬁiggg%itandard 15

deviation is utilized to nmaxim_ze the contras ained by the scatter in
the data. For the sanples illus HasrBebri gy 8- 14, an exposure tine of
about 2.5 to about 3.0 m nutes- m The optimum radi ogr aph
is re-digitized in the 12 bit no mquﬂ}!mmm using the high resol ution
Li ne Scanner to display the imge ona 10, 1024 nmonitor at a one
to one aspect ratio and the Radi ographic |Inmaging Transm ssion and
Archive software by Vision Ten to store, neasure and display the inmages.

The scanner lens is set to a field of w,ew of about 8.9 centineters per

1024 pi xels. 25 The filmis now scanned in the 12 bit node,
averagi ng both linear and hi

back to the e?ghf\ Rpsess e pro%ncttn% LOsanloeoll(ynﬁng acl%llfu%ogpc ??Q%%Etsttt'pcqur'-emge
' comprising three regions, said process comprising the steps of:
providing a fibrous slurry; _
providing a liquid pervious fiber retentive forming
" element- having mutually opposed first and second faces,
said first face having two distinct topographical regions,
. said topographical regions orthogonally varying in
elevation from said second face;
providing a means to deposit said fibrous slurry on said
forming element; '
providing a means to apply a differential pressure to
selected portions of said fibrous slurry;
providing a means to dry said fibrous slurry;
depositing said fibrous slurry onto said forming element
in two intensively distinct regions registered with said
topography of said forming element;
selectively applying a differential pressure to said
fibrous slurry to form three intensively distinct regions;
and '

drying said fibrous slurry to a cellulosic fibrous
struc;ure.

4. The process. according to Claim 3 characterized in that said dif-
ferential pressure is applied to selected regions of said fibrous
slurry not coincident with.-said two distinct topographical regions
of said forming element, and preferably characterized in that said
step of applying a differential pressure to regions of said fibrous
slurry comprises the step of mechanically compressing the fibers of
selected regions of said fibrous siurry, and more preferably
characterized in that said step of mechanically compressing said
fibers comprises the steps of:

transferring said fibrous slurry from said forming -
element to a differential pressure cooperating member

_—
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This image is displayed on the 1024 x 1024 |ine nonitor. The gray |evel

val ues are examned to de%e%ﬁ%ﬁe—any'gradréﬁts across 30 t he
exposed areas of the radi e E&thgggﬂ by the sanple or the
calibration standards. is judged to be acceptable if
any one of .the follow'ng t qﬂﬂ s met: the film background
contains no gradients in gr s fromside to side; 35

the fil m background contains no gradlents in gray level values fromtop to

bottom or a gradient is present in only one direction, i.e. a 28
difference in gray values fromone side to the other
72

having projections not coincident said topographical
regions of said forming element; and '
compressing'said fibrous siurry between said projections
and a rigid surface to impért mechanical compression to
- said selected portions of said fibrous slurry.

5. A single lamina cellulosic fibrbus structure comprising four regions
disposed in a nonrandom, repeating pattern: '
two adjacent. relatively high basis weight regions, each having
a first, generally mutually equivalent basis weight;
a first relatively high basis weight region,
said first relatively high basis weight region having
a first density;
a second relatively high basis weight region,
having a density at least 25 percent less than said
first density of said first relatively high basis
weight; .
two adjacent relatively low basis weight regioné, each having a
second, generally mutudlly equivalent basis weight at least 25
percent less than said first basis weight of said relatively
high basis weight regions;
a first relatively low basis weight regton having a first
density. and '
a second relatively low basis weight region having i
density at least 25 percent less than said first

density of said first re‘latively low basis weight
region.

-7

6. A fibrous structure according to Claim 5 characterized in that said
second relatively high basis weight region has a greater thickness
thqn said first relatively high basis weight region, and said second
relatively low basis weight region has a greater thickness than said
first relatively low basis weight region, and preferabI&
characterized in that said first relatively high basis weight region
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side at the top of the radiograph is matched by the sane difference in
gradient at the bottom of the radi ograph. One possible shortcut nethod to
determ ne whether or not the third 5 ~condition may be nmet is to
exam ne the gray level values of the pixels |ocated at_the four corners of
t he radi ogr.aph, which covers are adjacent the sanple inmage. The remaining
- steps /ay be perfornmed on a Gould Mbdel |P9545 | mage Prﬁ@SQ@QEhSBEmﬁkvbfﬁ

Gould, Inc., of ‘Frenont, California and 10 : hos Wl zed
Equi prent Cor porati on VAX 8350 conputer, using Library o
Software (LIPS) software. A portion of the film backgroun

or

representative
of the criteria set forth above is selegted by utilizing an algorithmto

sel ect areas -of the sanple which are of interest. These areas are 15
enlarged to a sigze of . xel S. ' i | lground. A
gaussian filter Eﬁa?rqrégéeﬁzé'%g'%és %ﬁis§1%§5ﬁng§le?%ﬁygff1“ bqgaaaéﬁgr.p

. region and more preferably characterized in that said first

relatively high basis weight region is an essentially continuous
network.

¥

7. A process for forming a cellulosic fibrous structuré having four
identifiable regions, two relatively high basis weight regions and

two relatively low basis weight regions, said process comprising the
steps of:

providing a fibrous slurry;

providing a liquid pervious fiber retentive forming
element having mutually opposed first and second faces,
said first face having two distinct topographical regions,
said topographical regions orthogonally varying from the
second face; ) _

providing a means to deposit said fibrous slurry on saiq
forming element; .

providing a means to apply a differential pressure to selected
portions of said fibrous siurry; ' '

providing a means to dry said fibrous slurry;

depositing said fibrous slurry onto said forming element
so that both said topographical regions of said forming "
element receive deposition of said fibrous slurry;

applying a differential pressure to dedensify selected
regions of said fibrous slurry, said selected regibns_
‘being noncoincidént said topographical regions of said
forming element; and

drying said fibrous slurry to form a cellulosic . fibrous
structure.

8. The process according to Claim 7 characterized in that s;id dif-
ferential pressure is applied by a fluid pressure to selected

regions of said fibrous slurry, and preferably characterized in that
said differential pressure is a vacuum.

* c L M s *



snooth the resulting i mage. This inmage, defined as not containing either
t he sanple or standards, is then saved as the fil m background. 20

This film background is dingETTY_*"Wﬁﬁ7ﬂiTﬁF—%ron1 t he subi nage
contai ning the sanpl e image on tﬁéwSMkﬂnbaagggg to yield a new i mage.

The algorithmfor the digital tes that gray |evel values
between 0 and 128 shoul d be set t ;"gg”ﬂ!ﬂm and gray |evel values
bet ween 129 and 255 shoul d 25 ped from1l to 127 (using
the fornula 'x-128). Remapping corrects for negatlve results that occur .in
the subtracted i mage. The val ues for the maxi mum 'm ni mrum standard’

devi ati-on, nedi an, nmean, and pixel areg4of each inmage area are recorded.

The new i mage, contalnlng only the sanple and the standards, 30

bo et el M b RlaLe ISE  Fordify | BENIIAUTE AbRI" sHREuO naflgetd vel v
least three regions disposed in a r@gular repeating pattern and
distinguished from each other by intensive properties, said
apparatus comprising: :

a liquid pervious fiber retentive forming.element,
having two distinct topographical regions;

a means for depositing a fibrous slurry on said forming
element;

a means for applying a differential pressure to selected
regions of said fibrous slurry noncoincident with said
topographical regions of said forming element;-

a differential pressure cooperating member; and

a means for drying said fibrous slurry, and preferably
characterized in that said forming element is an endless
belt, and more preferably characterized in that said
differential pressure cooperating member has “vacuum
pervious regions noncoincident said topographical regions
of said forming element, and most preférab]y characterized
in that said differential pressure cooperatlng member is a
second endless belt.

10; An apparatus according to Claim 9 characterized in that said means
for applying a differential pressure is a first end]ess belt ‘having
a plurality of upstandlng protuberances thereon.
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| mage areas containing the sanple standards. For each standard, the gray
| evel histogramis neasured. These individually defined areas are then
hi st ogrammed. 35 The hi stogram data fromthe precedi ng step
is then utilized to develop a regression7gquation describing the mass to
gray level r-elationship and which conputes the. coefficients for the nass
per 29 gray val ue equation. The independent variable is the nean gray
| evel . The dependent variable is the'ﬂgés p%é pi xel in each calibration
standard. Si'nce a gray |evel value of TBAGT gef i ned to have zero mass,
the regression equation is forced to have ay 5 I ntercept of
zero. The equation my wutilize any common

CELLULOSIC FIBROUS STRUCTURES HAVING AT LEAST THREE

REGIONS DISTINGUISHED BY INTENSIVE PROPERTIES, AN
APPARATUS FOR AND METHOD OF MAKING SUCH CELLULOSIC
FIBROUS STRUCTURES

" Disclosed is a cellulosic fibrous structure, such as paper. The fibrous
structure has "at least three intensively distinct regions. The regions are
distinguished from one another by intensive properties such as basis weight,
density and projected average pore size, or thickness. In one embodiment, the
fibrous structure has regioﬂs of two basis weights, a high basis weight region and
a low bas1s weight region. The high basis weight region is further subdivided into
low and density regions so that a fibrous structure having three regions is
produces. Also disclosed is an apparatus and process for making the fibrous
sﬂucﬂue,hwﬁngthmx,ﬁnu;amdnnmeregknw.'Thepnmxssﬁ;dnﬁhruaknawn
papermaking techniques, but comprises the additional steps of applying a
dﬁ&mumhlpnmmnetoswmxmxlngﬁnmtﬁfﬂw'HMwusSHWMnn{vdmiimm'mn
cohmﬁbmtvﬁﬂiﬂwingmmSOfﬂusﬁmmhss&mﬁmtckﬁnmibylheapmuﬂnsin
prior steps of the papermaking process. The selective application of noncoincident
dﬁﬁxmmmn.pnmmuetosmkmgﬂ regions of the fibrous structure may result in
densification or dedensification of such regions.
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spreadsheet program and be run on a common desktop personal conputer. The
algorithmis then used to define the area of the inmge containing only the

sanple. This imge, shown in Figure 9, is 10 saved—for—further
reference, and is also classified as to the number of OCeM §e0%GSRRf REACH
~gray level..The regression equation is then used in conjun t .
classified image data to determ ne the total cal cul ated na%ﬂlmrm kaf
the regression equation is: 15 _ ' =
A x X x N wherein Y equals the mass for F?§u§gray | evel bin; A equals the
coefficient from-the regression anal ysis, qual s the gray level (range O
- 255); and N equal-s the nunber of pixels in each bin (determ ned from

classified indge). The sunmmation of all of the Y 20 val ues yi el ds
~the total cal cul ated For | Si L LOLS

20.—’
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value is then conpared to the actual sanple mass, determ ned by wei ghing.
The calibrated-image of Figure 9 is displayed onto the nonitor and the

algorithmis utilized to analyze a 256 x 256 pixel 25 area of the
image. This area is then magnified equally in each direct i SheexHasiBegReplaced
Al of the following images are formed fromthis resultant THHN| II

desired, an area of the resultant inmge, shown in Figure 14 Im“l“
about ten sites of the nonrandom repegat; pattern 30

various regions 30, 32, 34 and 36 may f | ected for segnentatlon of the
various regions 30, 32, 34 or 36. It will be apparent that if the
differences in basis weights betmeen regions 30, 32, 34 and 36 are
relatively small, norg X g . ot

statistical S|gn|f|c
shown in Fi.gure 14 i{

ltant i mage




Using a digitizing tablet equipped with a light pen, an -
interactive graphics nmsking routine may be used tO__QQILﬂ%___dﬁghe___
transition regi ons between the high basis weight regions 34 and 36 an

| ow basi s wei ght regions 30 and 32. The operator shoul d suHPéé%&um%Bmﬁmgmmrd

manual |y circumscribe the discrete regions 30 and 32 with t 0 11118
the m dpoint between the discrete regions 5 30 a g W I
continuous regions 34 and 36 and fill .in 3He8€ regi ons 30 an

operator should ensure a closed |loop is forned about each C|rcunscribed

di screte region 30 or 32. This step creates a border around and between
any discrete regions 30 and 32 which can be dlfferentlated according to the
gray | evel : .
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10 intensity variations. The graphics mask generated in the
preceding step is then copied through a bit plane to set all nasked val ues
(such as in region 30 or 32) to a value of zero, and all unmasked val ues
(such as in regions 34 and 36) to a value of 128. This nask is saved for
future reference. This mask, covering the discrete regions 30 and 32, is
then outwardly dilated four pixels around C|rcunference of--each nasked
region 30 or 32. The aforenentioned nagnl image of Figure 14 is
then copied through the dilated nmask. This produces an i mage shown in 20
Figure 12, having only the continuous network of éroded high basis weight
regions 34 and 36. The image of Figure 12 is saved for future reference and
classified as to the nunber of occurrences of each gray |evel value. The
original mask is copied through a | ookup tabl%gthat

20
S0b

Fig. 5
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25 : reranps gray values fromO - 128 to 128 - 0. This reranping
has the effect of inverting the nmask. This mask is then inwardly dil ated
four pixels around the border drawn by the operator. This has the effect of
eroding the discrete regions 30 and 32. The magnified image of Figure 14 is
copi ed thraough the second 30 dilated mask, to yield the eroded

| ow basi s wei ght regions 30 and 32. The ﬁpiﬁéir@ I mge, shown in Figure
10, is then saved for future reference and’ classified as to the nunber of
occurrences of each gray level. In order to obtain the pixel values of the
transition 35 regions, the two four pixel w de regions dilated
into both the high and | ow basis weight regions 30, 32, 34 and 36, one
shoul d conmbi ne the two eroded i mages made fromthe dil ated masks an shown

Flg. 7 ~ This Sheet Has Been Replaced
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31 in Figures 10 and 12. This is acconplished by first |oading one of the
er oded i mges into.one menory channel and the other eroded image into
anot her nenory channel . The i mge of Figure 10 is copied onto the i mage of

Figure 12, 5 using the imge of Figure 10 as a mask. Because
the second-j mage of Figure 12 was use /p he nmask channel, only the
non-zeto pixels will be copied onto t ge of Figure 12. This procedure

produces- an |nage contalnlng t he eroded hlgh ba5|s melght regi ons 34 and
36, the eroded N 3 10 t he

ni ne pi xel mnde t dilation and
one fromthe oper. mnd 32). This
i mge, shown in F 5 saved for
future reference. ,

26'
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Since the pixel values for the transition regions 33 in the 15

transition region imge of Figure 13 all have a value of zero and one knows
t he i mage cannot contain a gray |evel value greater than 127;/-(fromthe
subtraction algorithm, all zero values are set to a value of 255. Al of

t he non-zerp values fromthe eroded high and | ow basis weight regions 30,
32, 34:and 36 in the imge of 20 Z/LBS Figure 13 are set to a val ue of
zero. This produces an inage mhlc aved for future reference. To
obtain the gray | eygls value Rie 16 e 33,

Figure 14 is copi ed&mhmgﬂa%. § ' ( ’é-kb@ﬂ»f»f :
pi xel wide transi : ;
.Figure 11, is sav
nunber of occurreg
wei ght for the Io
regi ons 34 and

t he i mage of

ain only the nine
I rage, shown in

ied as to the
”d&ffere L20n basis
wei ght

34,36
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36, and transition region 33 can be neasured, the data from each 30

of the classified images above and shown in Figures 10, 12, and_ 11
respectively are then enployed with the regression equation deri ved from
the sanpl e standards. The total nass of any region 24, 26, 28 or 33 is
determ ned .by the sunmati on of mass per grey level bin from the i mage
hi st ogr am The basis weight is 35 calculated by dividing
the mass values by the pixel area, considering any nagnlflcatlon
32 The classified i mage data (frequency) for each regl on of the inmages
shown in Figures 10-12 and 14 may be§/{@ ayed as 'a hi stogram and pl ot t ed
agai nst the nmass (gray level), wth tHe

30,32
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ordinate as the frequency distribution. If the resulting curve is nononodal
the selection of areas and the subjective drawi ng of the mask were |ikely
accurately performed. The inmages may al so be pseudo-col ored™so that each
color corresponds to a narrow range of basis weights with the foll ow ng
tabl e ascthe possible tenplate for col or mapping. The image resulting from
this proceeding step may then be pseudo-col ored, based upon the range of
gray level's. The list of gray levels shown in Table IVA has been found
suitable for uncreped sanples of cel c fibrous structures 20: Table

| VA Gray Level Range 4} ossi ble Colors 0

Bl ack 1-5 bl ue 6- 10

Li ght bl ue

34, 36

This Sheet Has Been Replaced

TN




11- 15 G een 16-20 : Yel | ow
21- 25 Red 26+ . VWite

Cr eped sanpl es typl cal | y have a hi gher basis weight than otherw se simlar
uncreped sanples. The list of grey levels shown in Table |1VB was found

sui tabl ecfqr use with creped sanples of cellulosic fibrous structures 20:
Table JVB 33 Gray Level Range Possible Colors O

Bl ack _

'10/16

34,36

This Sheet Has Been Replaced




1-7 Dark blue 8-14 .Li ght

bl ue 15-21 G een 22-28
Yel | ow 29- 36 Red 36+ _
White The resulting imge may be dunped to a printer/plotter. | f

desired,g a.cursor line may be drawn across any of the aforenentioned
| mages, and a profile of the gray |evels developed. |If the--profile provides
a qualitatively repeating pattern;, this is further indication that a

nonrandom repeating pattern of basis weights is present in t I%ce%f
the fibrous structure 20. If desired, basis weight di f f &hi :
determ ned by using an el ectron beam source, in place of | oned

soft X-ray. If it is desired to use ap(e/qeron beam for |

Fig.15A

MACHINE DIRECTION

CROSS MACHINE DIRECTION

DEVIATION BELOW REFERENCEPLANE ——— 0025 — 0200
— 0.250 —— 0.300
ALL DIMENSIONS IN MILLIMETERS — 0.350 — 0.400



wei ght 1 magi ng and determi nation, a suitable procedure is set forth in

Eur opean Patent Application 0,393,305 A2 published October 24, 1990 in the
nanes of Luner et al., which application is incorporated herein by
reference for the purpose of showi ng a suitable- nethod of determ ning
differenges in basis weights of various regions 30, 32, 34 and 36 of the
fibrous sfructure.20. DENSITY The relative densities of given regions 30,
32, 34 or 36 of the fibrous structure 20 may be qualitatively
differentiated as follows. Sanples of the fibrous structure, at |east about
2.5 centineters by 5.1 centinmeters (1 inch by 2 inches) in area are _
provided. It is to be recognized that {i th, dependent upon the relative

sizes of the regions 30, 32, 34 or 36, a larger sanple may be required or

alternatively a smaller sanple may be suitable. A water based magi c narker
This Sheet Has Been Replaced

such as a red Berol qarker #8800 is
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provi ded- and the sanples are uniformy stained by hand using the water
based -marker. ;..The sanples are then dried at roomtenperature and
50%rel ative hum dity for at | east about 1 hour. 26 SEP 1996 34 The '
sanpl es are pressed between two pre-cleaned mcro-slides. Using a

st ereoniyer @scope, such as a N kon nodel SMZ-2T, such as nmaybe obtained from

the Frank E. Feyer Conpany of Carpenterville, I l1inois, the sanples are
pl aced so that any deviations fromt he general plane of the
sanpl e are downwardly oriented, toward ase of the mcroscope.

The magnification is adjusted to appr Xi mately 18x, dependent upon the
relative size of the regi ons

0.19 -+
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Fig. 16A
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to be observed. Light is principally supplied fromthe-bottomof the sanple
and adjusted to nmaximze the apparent contrast between 10 - ~the | ow
density regions 24 and 26 and the hi gh density regions 28. If a repeating
nonrandom pattern of high density regions 28 appear, such regions wll
likely hg relatively light red in color. Conversely, relatively |ow density

regions 24 and 26 will appear to be dark brown in color. Such color
di fferences are caused by 15 h ifferential density. |If
desired, col or photographs nay be take | e sanples to later confirmthe

findings made by the stereoscopic mcroscopic exami nation. Alternatively,
density differences may be qualitatively or quantitatively determ ned by
ascertaining the differences in basis 20 wei-ghts of various
regions 30, 32, 34 or 36 of the fibrous structure 20 and conbi ni ng such
basi s wei ght dlfferences W th the thlcknesses of the regions 30, 32, 34
or 36 of the fibrous

0.25
0.24
0.23
0.22
0.21
0.20
0.19
0.18
0.17
0.16
0.15
0.14 |
0.3}
.12
0.11
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el

0.07
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0.04
0.03
0.02
0.01
0.00

AMPLITUDE MILLIMETERS
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structure 20 to determ ne density differences. Thickness may be determ ned
as set forth below. 25 THI CKNESS Whi | e several nethods to
determ ne thickness are presented below, the preferred nmethod is that
-presented in the text acconpanying Figures 15A - 18 and represents the

net hod fLom which all of the thickness values discussed herein were taken.
Howevey 30 o any nethod accurate and precise nethod of “determ ng
the thickness of the fibrous structure 20 may be utilized. A preferred

met hod to determ ne the thickness of different regions 30, 32, 34 and 36 of
the fibrous structure 20 is to topogrqgg/é |y nmeasure the elevatlon of
each exposed face of the fibrous struc Thi s produces a series of

i sobat hs on one face of the fibrous structure 20 and a series of. isobases:
on the other face, as illustrated in Figures 15A and 15B. The data of

MACHINE DIRECTION

CROSS MACHINE DIRECTION

THICKNESS IN MILLIMETERS —— (.200 — 0.250
—— 0300 —
— om0 — {8

ALL DIMENSIONS IN MILLIMETERS

This Sheet Has Been Replaced

T




35 these two figures may be superinposed, as described below to determ ne
t he thickness of the fibrous structure 20. If desired, the sanple nay be
marked with three or nore indicia, as described above with respect to
the basis weight 5 measurenents. Suitable indicia are punched
hol es. v Fog exanpl e, one such hol e appears at coordinate |ocation 2.50,
3.75 qf Figures 15A, 15B and 17. The punched holes allow for matching the
t hi cknesses of various regions 30, 32, 34 and 36 with the basis weights of
the 10 sanme regions 24 26 andlﬁ?, ovi di ng the same sanple is
used for both neasurenents and noreover TO ch opposite sides of the sane

AMPLITUDE MILLIMETERS
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1 2 3 4 5 6 7 8 9 10

FREQUENCY (OCCURRENCES/MILLIMETER)
Fig. 18 |
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sanple for and during the follow ng thickness nmeasurenents. Since the soft
X-ray image anal ysis and topographi cal scanning are nondestructive tests,
this is entirely feasible. 15 . : The topographica
nmeasurenents nay be nmade using a Federal Products Series 432

profil oneter
br eakaway probe,
Federal Esterline
measur enent s; descri bed herein, 20 t-he styl us Rag ,
(0. 0001 Fn@hy“radlus and a vertlcal force | oading of 200 {mijl | a éfg T e
table is planar to 0.2 mcrons. A sanple ofithe fibrous gt ué# 69%%

measured is placed on the horizontal table and any noticgab
snoot hed. 25

- strips. The sanple is scanned in a square wave pattern Jr—gzﬁ§§?;f€fﬂ_ﬂ_
il 05177 ,

mllineters

10

15

20

25

30

35

having a Model EAS- 2351 amplifier, a Mdel EPT-01049
stylus and a flat horizontal table, sqgkd—hy __the

Conpany of Providence; Rhode Island. REBtAUﬂMENT SHEET

The sanple may be held in place m1th nagnetlc

_ Ifog ayﬁ7

CELLULOSIC FIBROUS STRUCTURES HAVING AT LEAST THREE REGIONS

DISTINGUISHED BY INTENSIVE PROPERTIES, AN APPARATUS FOR AND A
METHOD OF MAKING SUCH CELLULOSIC FIBROUS STRUCTURES

FIELD OF THE INVENTION
The present invention relates to cellulosic fibrous
structures having at least ‘three regions distinguiéhed by
intensive properties, and more particularly and typically to paper
having three or more regions djstinguished from one another by
basis weight, density and/or projected average pore size.
ACKGROUND OF 1 ) ' .
Cellulosic fibrous structures, such as paper, are well known

- in the art. Frequently, it 1is desirable to have regions of

different basis weights within the same cellulosic fibrous
product. The two regions, as exhibited by paper in the prior art,
serve different purposes. The regions of higher basis weight
impart tensile strength to the fibrous® structure. The regions of
lower basis weight may be utilized for economizing raw materials,
particularly the fibers used in.the papermaking process and to
impart absorbency to the fibrous structure. In a degenerate case,
the low basis'weight regions may represent apertures or holes in

© the fibrous structure. However, it is not .necessary that the low

basis weight regions be apertured.

The properties of absorbency and strength, and further the
property of softness, become important when the fibrous structure
is used for its intended purpose. Particularly, the fibrous
structure described herein may be used for facial tissues, toilet
tissue, and a paper towel, each of which is in frequent use today. .
If these products are to perform their intended tasks and find
wide acceptance, the products must exhibit and maximize the



per mnute (2.362 inches per minute) or 1.0 mllineter per second. The data

digitization rate converts 20 data points per mllineter, so that a readi ng
is taken every 50 mcrons. 30 . - The sanple is traced 30
mllinmeters in one direction, then manually indexed while in notion 0.1

mllineters (0.004 inches) in a traverse direction. This [PragcE '
repeated until the desired area of the sanple has been s arﬁﬁgdgfﬁiﬁﬁeﬁﬁﬂy

the trace starts at one of the punched holes, so registerfing the isograns
of 35 : opposite faces, as described below, is rle 2&sSSEP 1996
acconpl i shed. The digitized data are fed into and anal yzd4d jby any Fourler
transf orm anal ysi s package. An anal ysis ﬁhckage such gs Proc—S86

physical properties discussed above. Tensile strength is the -
ability of a fibrous structure to retain its physical integrity
during use. Absorbency is the property of the fibrous. structure
which allows it to retain contacted fluids. Both the absolute

5 quantity of fluid and the rate at which the fibrous structure wil
absorb such fluid must be considered when evaluating one .of the
aforementioned consumer products. Further, such paper products
have been used in disposable absorbent articles such as sanitary
napkins and diapers.

10 Several attempts have been made in the art to provide
efficient and economical means to manufacture paper having two
different basis weights. One of the very early attempts is
illustrated in U.S. Patent 795,719 issued July 25, 1905 to Motz,
which patent discloses a Fourdrinier wire having a number of

15 upstanding protuberances and which is passed between two rollers.
One advance over Motz is illustrated by U.S. Patent 3,025,585
issued March 20, 1962 to Griswold which discloses a belt having

- tapered projections 61 that rearrange fibers deposited thereon.

_ Various shapes of protuberances have been used in conjunction

20 with papermaking machines, yielding differing basis weight
regions, such as Tow basis weight regions of varying shapes. For
example, U.S. Patent 3,034,180 issued May 15, 1962 to Greiner et
al. discloses protuberances which are pyramid shaped,
cross-shaped, etc. - Even the knuckles of a Fourdrinier wire may be

25 utilized aﬁ_ upstanding protuberances, as illustrated in U.S.

: Patent 3,159,530 issued December 1, 1964 to Heller et al.
Instead of apertures, U.S. Patent 3,549,742 issued December
22, 1970 to Benz shows a foraminous drainage member having flow
control members which project above the surface of the drainage

30 member a distance less than the thickness of the fibrous structure

- formed thereon and the fibrous structure may be later densified in
a hard nip. Another teaching that fiber concentrations in areas
of a fibrous structure may be dispersed so that, dependent upon
the 1length of the fibers, island areas of extremely thin

15 cross-section may be produced is shown by U. S Patent 3,322,617 _
jssued May 30, 1967 to Osborne.



Spectra nade by.SAS of Princeton, New Jersey has been found to work well.
The Fourier analysis of each face of the fibrous structure 20, as
illustrated in Figures 16A and 16B, displays the pitch of the nonrandom

repeatin attern apparent on that face. For exanpl _
trgnsforgspof Flgurgs 16A, 16B and 18 show pitches (r& pg@ﬁﬁﬁggeégElécks I n
the graphs of these Figures) of the occurrences per |millineters |istle
i n-Tabl e V bel ow. For ease of conparison, Table V al{so gQWeSEPHW96aIues of
.the pitgches of Figure 18, discussed below 10 Table Elg. 16A

Fi'g. 16B Fig. 18 0.117 3 0 1

0. 156 15 0. 352 0.R34

0. 234 0. 469 0. 391 0. 391

Finally, several attempts to provide an improved foraminous
member for making such cellulosic fibrous structures are known,
one of the most significant being illustrated in U.S. Patent
4,514,345 issued April 30, 1985 to Johnson et al. Johnson et al..

5 . teaches hexagonal elements attached to the framework in a batch
liquid coating process.

However, one problem present with the paper made according to
each of these references is that the tensile strength of such
paper is limited by the strength of the high basis weight regions

10. of such paper. If the high basis weight regions are strengthened
by adding more flbers, a noneconomical use of raw materials
results.

Another problem with the paper made according to the
foregoing references is that the absorbency is limited by the Tow
15 basis weight regions of the paper.  Because the low basis weight
regions are taught to be of constant density and thickness, such

paper is limited in how absorbent it will be for the user.
One explanation for the limited properties of the paper
produced according to the prior art may be that such paper is
20 produced entirely in registration with the protuberances, as
' taught in the aforementioned references. That is, after the
fibrous slurry which forms the paper having plural basis weights
is deposited on the Fourdrinier wire, all subsequent operations,
such as drying, etc., are carried out in rvegistration with the

25 high and low basis weight regions as origina]ly.fonmed,

One attempt to vary the density of paper made according to
the prior art is by joining two plies of the paper together and
knob-to-knob embossing the resulting laminate as taught in U.S.
Patent 3,414,459 issued December 3, 1968 to Wells. However, while
30 this operation increases the density of the embossed areas, it has
no effect on basis weight and adds a converting step to the
papermaking process. )
Accordingly, it is an object of this invention to overcome
such problems of the prior art and particularly to overcome such
" 35 problems as they relate to -a. single lamina of paper.
: Specifically, it is an object of this invention to provide a paper
which increases the tensile strength through providing a stronger



0.625 -~ 0.625 ' 0.625 0.859 - 0. 859

0.859 1. 250 . 1.133 1.132 20
1. 406 1. 250 1.250 1.523 - - 1. 445
1.406 1. 758 1.719 1.523 2 '

These pitches correspond to the size and distribution of @ﬁgL@ﬁﬁW@ﬁLﬁﬁEET
regions 30, 32, 34 and 36 in the nonrandom repeating patftéern. KnOMAng tihd
pitches and sizes of the different regions 30, 32, 34| and26&36EP 199

sinplifi,es fhe other analyses .specified hereunder, ause the persdn
conducting the tests knows the scale 30 of thef-size of the
regions 30, 32, 34 and 36 and the spacing of4such regiong 30, 32, 34 and
36. The thicknesses of the regions 30, 32, 34 and 36 nmay be determ ned by

digitally superinpasgidbashie weight &Qﬁimswith%hﬂgsdbliﬁantiaﬂy increasing the
number of fibers -utilized to make the high basis weight region.

Also, it is an object of this invention to provide low basis

weight regions having enhanced absorbency by providing plural

5 densities and/or plural projected average pore sizes in such low

basis weight regions. Further, it is an object of this.invention

to provide plural densities and/or plural projected average pore

sizes without a dedicated converting operation, such as embossing.

It is also an object of this invention to accomplish the foregoing

10 without radical departure from known papermaking machinery and
techniques.

The foregoing may be accomplished by carrying out steps in
the process of forming the claimed cellulosic fibrous structure
which comprise operations which are selectively applied to regions

15 of the fibrous structure, which selected regions are not
coincident the regions distinguished and defined by mutually
different basis weights or densities. Particularly, the step of
applying a noncoincident differential pressure to the fibrous
structure is useful. Such noncoincidence may occur through

20 differences in size, pattern registfation, or  combinations
thereof, between the originally formed plural basis weight and

density regions and the regions to which a differential pressure
is selectively app]ied.

25 | BRIEF_SUMMARY OF THE INVENTION
: The product according to the present invention comprises a

single lamina macroscopically planar cellulosic fibrous structure.
The cellulosic' fibrous structure has at least three identifiable .
regions which may be distinguished from one another by intensive

30 properties _appearing in a nonrandom, repeating pattern.
Particularly, intensive properties which may be used to identify
and distinguish different regions of the fibrous structure are
basis weight, thickness, density and/or projected average pore
size.

35 ' In a preferred embodiment, the cellulosic fibrous structure
may comprise an essentially continuous network of fibers The
essentially continuous network has a first basis weight and a



indicia to assure registration. Various single line trécings may 35
be utilized to ascertain when registry is achieved, although it is to be
recogni zed sone trial and error may be necessary, due to the 37 discret

nature of and finite distance between tracings. The supgf Bte t
then digitally subtracted. The difference between the is -giﬁﬂvﬂﬁﬁﬁﬂ »

i sobathic data represent the thickness of the sanple at th ocati on..

Since thickness is 5 determ ned by the relative sef# SEPIPI6F

‘the two,surfaces, it does not matter which data are used afp }he m nuend an

subtrahend, because the absolute value og the differepc& represents
t he thickness. - :

first density. Dispersed throughout the essentiaily continuous
network is a nonrandom, regular repeating pattern of discrete
regions having a basis weight less than the basis weight of the
essentially continuous network or a density less than the density

5 of the essentially continuous network. Within the essentially °
continuous network are identifiable regions having a greater
thickness or density, preferably at 1least about 25 percent
greater, than the first density of the balance of the essentially
continuous network. Regions may also be identified as having a

10 smaller projected average pore size, preferably at least about 25 -
percent smaller size. _

In a second embodiment, the fibrous structure may comprise
four regions. Two of the regions are adjacent and have generally
mutually equivalent relatively high basis weights. The first

15 relatively high basis weight region has a first thickness or

' density, and the second relatively high basis weight region has a

second thickness or density which is less than the first thickness

or density of the adjacent first relatively high basis weight

region.. The other two adjacent regions have generally mutually

20 equivalent relatively Tow basis weights. The first relatively low

basis weight region has a first thickness or density, and the

second relatively low basis weight regions has a second thickness

or density which is less than the first thickness or density of

the - adjacent first relatively low basis weight region.

25 Preferably, the thickness or density diffgrence between the high
and low basis weight regions is at least about 25 percent.

Alternatively, the two adjacent high basis weight regions may
be distinguished by a relative difference in projected average
pore size. Likewise the adjacent low basis weight regions may be

36 distinguished by a relative difference in projected average pore
size.

Preferably, the second relatively high basis weight region,
having low density, corresponds to the coincidence of differential
pressure with portions of the parent regions, which was a

35 predetermined portion of the first relatively high basis weight
region. Likewise, preferably, the second relatively low basis
. wéight region, having low density, corresponds to the coincidence



The thickness data nmay be plotted as isopachs, as illustrated 10
in Figure 17, teo allow visual determ nation of whether or not a nonrand

om.

repeatin attern is present. O course, the isopachs may @ VN SH
bypa Fou?igr transform as illustrated in Figure 18 and teb@$g¥é§$| A—Fait

V above. The peaks at the pitches illustrated in Table V stronglé LN b atle
the presence of a 15 nonr andom repeating pattern An@ibh EP od
to determ ne the thickness of various regions 30, 32, 34 apd| 36 of a sanp
of the fibrotis structure 20 is by utilizing a stereoscan i croscope. Any
m croscope capable of quantifying the el evagional dinmensign of a
structure, while 20 viewi ng the structure normal to its plane may

be used. A suitable microscope is a Canbridge 3-D Mbdel 360 stereoscan
el ectron m croscope®f gafferentipheressuee withpartionsof Gecpanent Ivegionowisich A

speci al | y desi gned wiscradpeefetenting ipprtivheof ethe FavitnGedatively low basis

weight region. .

The cellulosic fibrous structures described above may be made

5 .according to the process of providing a fibrous-slurry, a liquid

pervious, fiber retentive forming element having two distinct

topographical regions on one face and which distinct regions

orthogonally vary from the opposed face of the forming element, a

means to deposit the fibrous slurry onto the forming element, a

10 means to apply a differential pressure to selected portions of the

fibrous slurry, and a means to dry the fibrous slurry. The

fibrous slurry is deposited onto the forming element and a

differential pressure is applied to selected regions of the

fibrous slurry, which selected regions are not coincident the two.

15 distinct topographical regions of the forming element. The
fibrous slurry is dried to form the aforementioned two dimensional
fibrous structure. Preferably, the thickness or density

differences occurring within the high and low basis weight regions
are at least about 25 percent. :

20 Alternatively, the two adjacent high basis weight regions may
be distinguished by a relative difference in projected average
pore size. Likewise the adjacent low basis weight may be
distinguished by a relative difference in projected averége pore
size. o

25 The selectively applied differential pressure may be applied
by mechanical compression so that a nonrandom, repeating patterned
mechanical interference with the fibers results. The fibrous
slurry may be transferred to a secondary belt having upstanding
protuberances not coincident with the topographical regions of the

30 forming element. The protuberances of the'secondary belt are then
compressed against a relatively rigid surface, such as a Yankee
drying drum. :

Alternatively, the selectively applied nonrandom, repeating
patterned differential pressure may be applied by drawing a vacuum

35 - across the fibrous slurry. This step may be preferentially
accomplished by transferring the fibrous slurry from the forming
element to a secondary belt. The secondary belt has "vacuum




recessed center circunscribed by a planér annul ar perineter. The 25

recess prevents altering the center of the sanple fromwhich the follomﬁng
thi cknesses are neasured. The sanple is nounted on the s

conductive adhesive to only the perineter of the top surffa l'J‘ eﬁ“mﬁséﬂﬁﬁ
avoi di ng any contact or placenment of the conductive adhegi e with the

center recess. 30 The tissue web is gently gl a2&dSER B
exposed surface of the adhesive and pressed in place. Cafejshoul d be tak
to keep the‘sanple flat, winkle free, and parallel to the Top ptamra+
annul us of the mcroscope stub. Two sanple ynuntings are.required for eac
t hi ckness determ nation. The first sanple is nmounted with 35 0
side oriented upwards, and the second sanple is mounted with the
correspondi ng si de patvibhe eayipise 630mtvacdiingident ewmithd the two topographical

regions of the forming element. The vacuum is then drawn through
the pervious regions of the secondary belt to dedensify and
increase the projected average pore size of the selected regions

5 _ of the fibroush structure in a nonrandom, r"epe_ating pattern.

_ BR SCRIPTION OF THE DRAWINGS

While the Specification concludes with claims particularly
pointing out and distinctly claiming the present invention, it is
believed the invention is better understood from the following
10 désgription taken in conjunction with the associated drawings, in
which like elements are designated by the same reference numeral,

- analogous elements are designated with a prime symbol and:
" Figure-1 is a-plan view of a two basis weight cellulosic

fibrous structure according to the prior art;

15 Figure 2 is a plan view of a three intensive region
cellulosic fibrous structure according to the present invention
and having an essentially continuous high basis weight network

with discrete densified regions. therein and discrete low basis
weight regions;

>

PN

20 Figure 3A is a plan view of a four intensive region creped
' fibrous structure according to the present invention, as viewed
from the belt facing side of the fibrous structure and having two
high basis weight regions and two low basis weight regions, each
such basis weight defined region having a high density region and
25 an adjacent low density region:

Figure 3B is a plan view of opposite side of the fibrous
structure illustrated in Figure 3A;
Figure 4 is a fragmentary schematic sectional view of a four
region fibrous structure according to the present invention,
30 having an undu}ating surface of various thicknesses, the low basis.
weight regions being registered with the protuberances of the
forming belt and the low density regions being registered with the
noncoincident vacuum pervious regions of the secondary belt;
Figure 5 is a schematic representation of one embodiment of a
35 _ continuoué_papermaking machine which utilizes the steps of the
process - according ~ to the present invention having the




‘38 The sanpl e should be visually scanned on the mcroscope to make a coarse
i dentification-of the number of uni que nonrandom regul arl y tepes

t hi cknesses. Each identified thickness should then be quantlﬁﬁ?Lkﬁﬁ
determ ned. 5 An exenpl ary case, illustratiedrdy Figure 4,

has four regions of varying thickness, which are designatedi ( B 6(5@9)‘\996
(EF) and (GH). To determ ne the four relevant t hi cknesses ( (EF)

and (&), one takes the sanple having the first side ori ent &d L
determ nes the el evational position of points 10

relative to the top planar annulus of the stg It will beYmrderstood that
the planar annulus of the stub is coincident™w th the el evational position
of points A and E. This step nmay be acconplished using the 3-dinmensional
capabilities of protuberances and projections of the forming and secondary belts,

respectively, omitted for clarity;

Figure 6 is a fragmentary top plan view of the belt of the
papermaking machine of Figure 5;

5 Figure 7 is an enlarged fragmentary vertical sgctiona] view
of the belt of Figure 6 taken along line 7-7 of Figure 6;

Figure 8 is a soft X-ray image plan view of a creped fibrous
structure according to the prior art;

Figure 9 is a soft X-ray image plan view of a creped fibrous-

10 structure according to the present invention and particularly the
fibrous structure illustrated in Figures 3A and 3B;

Figure 10 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the low basis weight regions;

Figure 11 is a soft X-ray image plan view of the fibrous

15 structure of Figure 9, showing_on]y the transition regions;

Figure 12 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the high basis weight regions;

Figure 13 is a soft X-ray image plan view of the fibrous
structure of Figure 9, showing only the low basis weight regions

20 and the high basis regions, .but not the transition regions;

Figure 14 is a soft X-ray image plan view of the fibrous
structure of Flgure 9, showing the low basis weight regions, the
transition regions, and the high basis weight regions;

Figure 15A is an isogram of the face of a cfeped fibrous

25 structure according to the present dinvention, particularly the
' face which contacts the forming belt; :

Figure 15B is an isogram of the opposite side of the fibrous

structure illustrated in Figure 15A;

Figure 16A is a Fourier transform of the isogram of Figure

30 15A;

Figure 16B is a Foufier transform of the isogram of Figure
15B;

Figure 17 is an isogram made by digitally subtracting Figure
158 from Figure 15A; and

35 Figure 18 is a Fourier transform of the isogram of Figure 17.



the m croscope. Using the other sanple, having the correspondi ng 15
surface downwardly oriented, the elevational position of points G and C,

relative to the elevational position of either point A or
The two preceding steps are repeated for at |east ten (or Rﬂnﬁﬁtﬁ%ﬂ*Qﬁﬂix
sites a

necessarry to assure statistical significance) unique 20
each region, and all like data are averaged. It is not nedegsapp SEP 11994
at exactly the sanme site on each surface. |Instead random sqgl dction of the
ten (or,nore) sites on each of the sanples will pronote refrésentatTve
‘characterizati-on of the sanples. 25 The thickness of

each region is given by the relative d’fference in el'=vationa
position of vertically registered points fromthe planar annulus and may be

determined by subtracting the p{TAYEHD DESERIATOON OF OTHE rnvtmogbove For
exanpl e, the thickness at THE PRODUCT

A cellulosic fibrous structure 20’ is fibrous,
macroscopically two-dimensional and planar, although not
5 necessarily flat, as illustrated in Figure 1. A cellulosic
fibrous structure 20’ does have some thickness in the third
dimension. However, the thickness in the third dimension is very
small compared to the actual first two dimensions or to the
capability to manufacture a fibrous structure 20’ having
10 relativelj very large measurements in the first two dimensions.
Within the fibrous structure 20’ are various regions 24’ and 26’ -
.distinguished by a property such as basis weight, density,
projected average pore size or thickness.
The two-dimensional cellulosic structures 20’ are composed of
15 fibers which are approximated by linear elements. The fibers are
components of the two-dimensional fibrous structure 20’, which
components have one vefy large dimension (along the longitudinal
axis of the fiber) compared to the other two relatively very small
dimensions ' (mutually perpendicular, and both radial and
20 perpendicular to the longitudinal' axis of the fiber), so that
' linearity is approximated. While, microscopic examination of the
fibers may reveal two other dimensions which are small, compared
to the principal dimension of the fibers, such other two small
‘dimensions need not be substantially equivalent or constant
2§ throughout the axial length- of the fiber. It is only important
- that the fiber be able to bend about its axis and be able to bond
to other fibers.
The fibers may be synthetic, such as polyolefin or polyester;
are preferably cellulosic, such as cotton 1linters, rayon or
30 bagasse; and more preferably are wood pulp, such as softwoods
(gymnosperms " or coniferous) or hardwoods (angiosperms or
deciduous) or are layers of the foregoing. As used herein, a
fibrous structure 20 or 20’ is considered "cellulosic" if the
fibrous structure 20 or 20’ comprises at least about 50 weight
35 percent or at least about 50 volume percent cellulosic fibers,
including but not limited to those fibers listed above. A
cellulosic mixture of wood pulp fibers comprising softwood fibers



(AB) is found by subtracting the el evational position of point A 30

from the elevational position of point B. Simlarly, the thickness
at (EF) is found by subtracting the el evational position of ' '
the el evational position of point F. The thickness at (q ‘
subtracting the. el evati onal position of point Afromthe
position of point D (from 35 the first sanple)!
is subtracted the value of the elevational position of pdi
el evati,onal *position of point A (fromthe second sanple).
t hi ckness at 39 (GH) is found by subtractjgng the el eva
point E fromthe el evational position of point G (fromt

having a length of about 2.0 to about 4.5 millimeters and a

diameter of about 25 to about 50 micrometers, and hardwood fibers

having a length of less than about 1 millimeter and a diameter of

about 12 to about 25 micrometers has been found to work well for
5 the fibrous structures 20 described herein. _

It is not necessary, or even likely, that the various regions
24’ and 26’ of the fibrous structure 20’ have the same or a
uniform distribution of hardwood and softwood fibers. Instead, it
is likely that a lower basis weight region 26’ will have a higher

10 ' percentage of softwood fibers than a higher basis weight region -
- 24'. Furthermore, the hardwood and softwood fibers may be layered
throughout the thickness of the cellulosic fibrous structure 20’.

If wood pulp fibers are selected for the fibrous structure

20, the fibers may be produced by any pulping process including
15 chemical processes, such as sulfite, sulphate and soda processes;

and mechanical processes such as stone groundwood. - Alternatively,

the fibers may be produced by combinations of chemical and

mechanical processes or may be recycled. The type, combination,

and processing of the fibers used in the present invention are not
20 critical to the present invention. '

The fibrous structure 20 according to the present invention
comprises a single lamina even if multiple layers of fibers are
present. However, it is to bg recognized that two single laminae
may be joined in face-to-face relation to form a unitary laminate.

25 A structure according to the present invention is considered to be
"single lamina” if it is taken off the forming element, discussed
below, as a single sheet having a thickness, when dried, which
does not change unless fibers are added to or removed from the
sheet. The cellulosic fibrous structure 20 may be later embossed,

. 30 or remain nonembossed, as desired. -

With reference to Figure 1, it is understood from ‘the prior
art that the two region fibrous structure 20’ according to the
prior art may be defined by discriminating regions 24’ and 26’
having .differiﬁg intensive properties. For example, as

35 §1lustrated in Table I, the basis weight of the fibrous structure
20’ provides an intensive property which distinguishes the two
regions 24’ and 26’ of the fibrous structure 20’ from each other.



Fromthis value is subtracted the value of the el evational position of

point H mnus the el evational position of point E5 (fromthe
second sanple). If it is not desired to use a stereoscan g craoscope—the
determination of the thickness of various regions of the WLACEM&N'b(SHEﬁHe

by confocal |aser scanning m croscopy. Confocal |aser scahnFag—mTTroSCOpPY

may be made using any confocal scanning 10 m cr psg¢o @%g of
nmeasuring the dinmension normal to the plane of the sanpl e EﬁB%§§§ 00

Model m crostope nmade by Sarastro Inc., of Ypsilanti, M chidan, shouwld-be

suitable for this purpose. Using the SarastrﬁéCbnfocal Scanning M Croscope,
a sanpl e neasuring approximtely 2 centineters apprextrratety—615

centineters of the fibrous structure 20 is placed on top of a gl ass
m croscope slide. TiiRs8l tWooTe@ins Si4’ dand 6P| ANE beURAE parBft aRpRME| VErohens

and vi ewed under re&lﬁtchvt‘?lkyotlhgy\’rg?igné falrg%hﬁua in the fibrous structures 20 of
Figures 3A and 3B.

5 Jable 1
Region Relative Basis Weight
" Relative Density
24’ : High Medium
10 26’ Low -Medium

It is to be understood that rather than using basis weight as the
intensive property discriminating'the two regions 24’ and 26’,

_ density or projected average pore size could be used as an

15 intensive property to distinguish the two regions 24’ and 26’.

As shown in Figure 2, the cellulosic fibrous structure 20
according to the present invention has at least three distinct
regions 24, 26, and 28. The regions 24, 26, and 28 are
distinguished by intensive properties of the structure 20. As

20 used herein a property is considered "intensive" if it does not
have a value dependent upon the aggregation of values in the
fibrous structure 20. Examples of intensive properties include
the basis weight, density, projected average pore size,
temperature, specific heit, compressive and tensile moduli, etc.,

25 of thg fibrous structure 20. As used herein properties which

' depend upon the aggregation of various values of subsystems or
components of the fibrous structure 20 are considered "extensive.”
. Examples of extensive properties include the weight, mass, volume,

heat capacity and moles of the fibrous structure 20.

30 Intensive and extensive properties may be further classified
as intensive or extensive within the two dimensions corresponding
to the plane of the cellulosic fibrous structure 20 or extensive
in three dimensions, depending upon whether or not fibers may be
aggregated in two or in three dimensions without affecting the

35 property. For example, if fibers are aggregated to the cgl]nlosic

' fibrous structure 20 in its plane, making the cellulosic fibrous
structure 20 cover a greater surface area, the thickness of the




(approxinﬁtely 40x). This magnification enlarges the field of view
sufficient that the nunber of surface features is naxim zed. 20

When viewing at this |ower magnification, one should fosus—er—tte

upper nost pgrt ion of the sanple. Preferably, by utili3i rﬁ@iPLkﬁfMﬁNTes‘ﬂ%EJus
adj ust ment of the mcroscope and the Z axis reading di yed on the

noni tor of the m croscope, the mcroscope stage is | r?cb %PIPW}% taly
100 25 m croneters. The optical inmage ojtpu of the .

m croscope is transferred fromthe oculars to the opt}cbl—bepeh—Ttis

transfer changes the image output fromthe eﬁ s of the operator to the
detector of the mcroscope. Wth the mcrosc ge conput er—tte-step sl ze and
nunber of 30 sections is now input. For the sanples illustrated
in Figures 1-3B, a &d1apldsie efibFoudbotriuctiitenie reRBInG! dnatfettad NUBRST i Pftne0
sections have been ggupd a?uiJg@pégpatedﬂa;sﬁlpglai;nggstt%nswg'&sE’%tthe# nexfaps%d face
| of the cellulosic fibrous structure 20, the thickness is affected.
Thus, thickness is a two dimensional intensive property. However,

5 adding fibers to the cellulosic fibrous structure 20 in either.

' manner specified above does not affect the tensile strength per
unit of cross sectional area of the cellulosic fibrous structure
20. Therefore, tensile strength per unit of cross sectional area
is a three dimensional intensive property.

10 _ The fibrous structure 20 according to the,present'ianntion
has regions 24, 26, and 28 having at least two distinct basis
weights which are divided between at 1least two identifiable
segments, hereinafter referred to as "regions," of the fibrous
structure 20. As used herein, the "basis weight" is the weight,

15 measured in grams force, of a unit area of the fibrous structure
20, which unit area is taken in the plane of the fibrous structure
20. The ‘size of the unit area from which the basis.weight is
measured is dependent upon the relative and absolute sizes of the
regions 24, 26, and 28 having differing basis weights.

20 It will be recognized by one skilled in the art that within a

: given region 24, 26, or 28, ordinary and expected basis weight
fluctuations and variations may occur, when such given region is
considered to have one basis weight. For example, if on a
microscopic level, the basis weight of an interstice is measured,

25 - an apparent basis weight of zero will result when, in fa;t; unless
an aperture in the fibrous structure 20 is being measured, the
basis weight of such region 24, 26 or 28 is greater than zero.
Such fluctuations and variations are a normal and expected result
of the manufacturing process.

30 Two regions 24, 26 or 28 of the fibrous structure 20 are
considered to have different basis weights if the basis weight of
the regions 24, 26 and 28 varies by at least about 25 percent of
the higher basis weight value. In -a_'fibrous structure 20
according to the present invention, the basis weight differences

35 between the regions 24, 26 and 28 occur in a nonrandom repeating
pattern, corresponding to a pattern in the liquid draining, fiber
retentive forming element described more fully below. Otherwise,



acqui sition of 20 optical XY slices at an interval

total depth of 800 mcroneters normal to the 35 plane of the —
sanpl e. Such settings allow optical sections to be acqui RgﬁLAtEMEN};IS}{EﬁTI /
above the top surface of the sanple of the fibrous 40

slightly bel ow the bottom surface of the sanple of the fi :
It will be apparent to one skilled in the art, that if Ri [
desired, a snaller step size and a |arger nunber of stefs |s reGU|rpd
.Using, these settings, one begins the scanning process. {The conputer of tH
m'croscope will acquire the desired nunber of XY ;
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of 40 mcroneters, for

if the variation of . the region 24, 26 or 28 of " the fibrous
structure 20 under consideration is less than about 25 percent,
the region 24, 26, or 28 is considered to comprise one region 24,
26, or 28 of a singular and particular basis weight having a
variation of +/- 12.5 percent about a median value.

It is not necessary that exact boundaries divide "adjacent
regions 24, 26, or 28 of different basis weights, or that a sharp
demarkation between adjacent regions 24, 26, or 28 of different
basis weights be apparent at all. It is only important that the
distribution of fibers per unit area be different in different
positions of the fibrous structure 20 and that such different
distribution occurs in a nonrandom, repeating pattern.

It will be apparent to one skilled in the art that there may
be small transition regions having a basis weight intermediate the
basis weights of the adjacent regions 24, 26, or 28, which
transition regions by. themselves may not be signifiéant enough in
area to be considered as comprising a basis weight distinct from
the basis weights of either adjacent region 24, 26, or 28. Such
transition regions are within the normal manufacturing variations
known and inherent in producing a fibrous structure 20 according
to the present invention.

The intensively distinguished regions 24, 26, and 28 of the
fibrous structure 20, such as regions 24, 26, and 28 having
different basis weights, are disposed throughout the fibrous
structure 20 in a nonrandom, repeating pattern. The patterned
regions 26 and 28 may be discrete, so that adjacent regions 26 or
28 having the same basis weight are -not contiguous.
Aiternatively, a region 24 having one basis weight throughout the
entirety of the fibrous structure 20 may be continuous, so that .
such region 24 extends substantially throughout the fibrous
structure 20 in one or both of its principal dimensions. By being
“nonrandom,” the intensively defined regions 24, 26, and 28 are
considered to be predictable, and may occur as a result of known
and predetermined .features of the apparatus used in the

manufacturing process. By "repeating” the pattern is formed more
than once in the fibrous structure 20.

a



slices at the desired interval. The digitized data fromeach slice is
stored in the nenory of the mcroscope. To obtain the neasurenents of

i nterest, each slice is viewed 10 ©on the conpgr |
determ ne which slice offers the nost representative.vréﬁﬁ%gaﬂwaﬁgéggﬁﬁ S

of interest, particularly the thickness of the sanple.
slice of the sanple which best illustrates the various
sanple, a line is drawn through the region 30, 32, 34 pr
a sanple sinilar to that illustrated in Figure 2. The

ile view ng t
| G SEF W6t h

36 of i nt er es

m croscope is utilized so that a cross secthgal view pf the line is
di spl ayed. This cross sectional viewis made up of all of the slices taken
of the sanple To nmeasure the thickness, two Z axis points of interest are
20 entered. Fbrcaucsewpl 8, iso ’weatsurrecddnézddhmhktles;s the afibeaison

30, 32, 34 or 36,
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26, and 28 are very small compared to the size of the fibrous
structure 20 during manufacture, e.g. varying by several orders of
magnitude, absolute predictability of the exact dispersion and
patterns among the various regions 24, 26, and 28 may be very
difficult or even impossible. However, it is only important that
such intensively defined regions 24, 26, and 28 be dispersed in a
pattern substantially as desired to yield the performance

'_-properties which render the fibrous structure 20 suitable for its

intended. purpose.

The size of the pattern of the fibrous structure 20 may vary

~ from about 1.5 to about 388 discrete regions 26 per square
centimeter (from 10 to 2,500 discrete regions 26 per square inch),
preferably from about 11.6 to about 155 discrete regions 26 per
square centimeter (from 75 to 1,000 discrete regions 26 per square
inch), and more preferably from about 23.3 to about 116 discrete
regions 26 per square centimeter {from 150 to 750 discrete regions
26 per square inch). It will be apparent to one skilled in the
art that as the pattern becomes finer (having. more discrete
regions per square centimeter) a larger percentage of the smaller
sized hardwood fibers should be utilized, and the percentage of
the larger— sized softwood fibers should be correspondingly

" reduced.

If too many large sized fibers are utilized, the fibers may
not be able to conform to the topography of the apparatus,
described below, which produces the fibrous structure 20. If the
fibers do not properly conform, fibers may bridge various
topographical regions of the apparatus, leading to a random
patterned fibrous structure 20.. A mixture comprising about 0 to
about 40 percent northern softwood kraft fibers and about 100 to
about 60 percent hardwood chemi-thermomechanical pulp fibers has
been found to work well for a fibrous structure having about 31.0

to about 46.5 discrete regions per square centimeter (200 to 300
_ discrete regions 26 per square inch).

_Referring to Figures 1 and 2, the regions 24, 24’, 26'and 26'
of differing basis weights may be arranged within the fibrous



surface of the sanple. If one does not desire to use a stereoscan
m croscope or a confocal |aser scanning m croscope to determ ne the

t hi ckness of 25

determ ne the thickness of the sanple. To determ ne
t hi ckness of the fibrous structure 20 using referenck precrotones, a sa
nmeasuri ng about 2.54 centinmeters by 5.1 centineters {1 iQfg §EP
.provi ded and stapled onto a rigid cardboard hol der.

cardboard holder is placed in a silicon nold. A mxtjune. of—six—part
Versam d resin, four parts Epon 812 resin an?
1,1,1-trichloroethane are nmixed in a beaker. Yhe resi

the sanple, reference nc|

e PUACENENEN SHE

>

3 partﬂ of

R—Xtor e 1 S placed I n

a | ow speed vacuum desi ccator and t he bubbl es renoved. The m xture is then
Jte@etup®! o Vit hog-heredfectively, so ERitdRnar degidipke el der

poured into the si
so that the sanple
sanple is cured for"

10
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~and 26’ of two distinct basis weights as in Figure 1) or
highest (if the fibrous structure 20 comprises regions 24, 26, and
28 of three or more distinct basis weights as in Figure 2) basis
weight 1is essentially continuous in at least one direction
throughout the fibrous structure 20. Preferably, the continuous
direction is parallel the direction of expected tensile loading of
the finished product according to the present invention.
If the fibrous structure 20 illustrated in Figure 2 is to be
used as a consumer product, such as a paper towel or a tissue, the
high basis weight region 24 qf the fibrous structure 20 is

. preferably essentially continuous in two orthogonal directions

15

20

within the plane of the fibrous structure 20. It is not necessary

. that_such orthogonal directions be parallel and perpendicular the

edges of the finished product or be parallel and perpendicular the
direction of manufacture of the product, but only that tensile
strength be imparted to the product in two orthogonal directions,
so that any applied tensile Tloading may be more readily
accommodated without premature failure of the product due to such

tensile loading.

25

30

If a region 24, 26 or 28 of a particular basis weight forms a
repeating unbroken pattern throughout at least a portion of the
fibrous structure 20, the fibrous structure 20 is considered to
have an "essentially continuous network" of such region 24, 26 or
28 within such portion of the fibrous structure 20, recognizing
that interruptions in the pattern are tolerable, albeit - not
preferred, so long as such interruptions do not substantially
adversely affect the material properties of such portion of the
fibrous structure 20. An example of an essentially continuous
network is the high basis weight region 24 of the fibrous
structure of Figure 2. Other examples of two region fibrous

_structures 20’ having essentially continuous networks are

35

disclosed in U.S. Patent 4,637,859 issued January 20, 1987 to
Trokhan and incorporated herein by reference for the purpose of

showing a fibrous structure 20’ having an essentially continuous
network.



REPLACEMENT SHEET 26 SEP 1996 41 hours and the resin m xture hardened. The
sanple is renoved fromthe silicon nold and the cardboard_hol der

The sanple is marked with a reference
determ ne where subsequent neasurenents are taken. Pie

fromthe sanple.

remved

pREPHACEMENFQHEETe

et A

the sane reference point is utilized in both the plan. ”‘WV5£43§9
' oﬂéé)

sectional views of the sanple of the fibrous structure}2¢

guide may be utilized to mark the reference point. The|résolution guid

be generally planar and laid on top of the sanple prio
and/ or phot ographing. A
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to resin curing
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Furthermore, by providing an esseniia]]y continuous network
high basis weight region 24, contact drying of the fibrous
structure 20 may be enhanced. The enhanced cdntact drying, of
course, requires that the essentially continuous high basis weight
network 24 lie on and define one of the exposed faces of the
fibrous structure 20. ' '

Conversely, the low basis weight regions 26 may be discrete
and dispersed throughout the high basis weight essentially
continuous network 24. The low basis weight regions 26 may be
thought of as islands which are surrounded by a circumjacent
essentially continuous network high basis weight region 24. The
discrete low basis weight regions 26 also form a nonrandom,
repeating pattern. The discrete low basis weight regions 26 may
be staggered in, or may be aligned in, either or both nf the
aforementioned two orthogonal directions. Preferably, the high
basis weight essentially continuous network 24 forms a patterned
network circumjacent the discrete low basis weight regions 26,
although, as noted above, small transition regions may be
accommodated.

In a degenerate case, the low basis weight regions 26 have an
approximately or identically zero basis weight and represent
apertures 26 within the essentially continuous network 24 of the
fibrous structure 20. It is to be recognized that apertures 26
may have a near 2zero basis weight and still be considered
apertures. As is known in the art, dependent upon the length of
the fibers, the transverse dimension of the protuberances 59,

"discussed below (see Figures 6-7) and used to form the low basis

weight regions 26, and the relative movement between the fibrous
slurry at the time of deposition and the 1liquid pervious fiber
retentive forming element onto which the fibrous slurry is
deposited, some fibers may bridge the apertured low basis weight
regions 26, preventing the basis weight therein from being
absolute zero. Such small variations are known and commonly
expected -in the art and do not preclude the resulting cellulosic

fibrous structure 20 from appearing to be and functioning as an
apertured fibrous structure 20.



10 resol uti on gui de having contrasting indicia radiating outwardly
and, preferably, tangentially expanding is suitable. A #1-T

resol ution guide made by Stouffer G aphic Arts Equi prenty= '73§§;$?$Wgﬁﬁﬁﬁd’
| ndi ana has been found particularly well suited for thisg gg}' MENT
resolution guide is overlaid on the sanple and, 15 preferably,
~oriented so that the major axes of the indicia are aligred wehSEREI96I0¢s
of the sanple or wi.th any pattern apparent in the sanplg. {The sanple is

pl aced .in a*nodel 860 microtone sold by the Anmerican Optli cat—Companyof
Buf fal o, New York and | eveled. The 20 edge off the sanple is

renmoved fromthe sanple, in slices, by the mt’crot ome untTT & Shooth surface
appears. A sufficient nunber of slices are renoved fromthe sanple, so that

the various regions 30At%he sppositd @i BRVtHRCeqREtEdrRige 6ELABRS Weighes, For
the enbodi ment desctm H%Q tﬂ@f?'w@igh?l J‘e%?énshi‘é"hqge a maximum basis weight about
75 percent of the basis weight of the high basis weight regions 24
and 28. If the basis weight of the low basis weight regions 26 is
5 greater than about 75 percent of the basis weight of the high
basis weight regions 24 and 28, the fibrous structure 20 is
considered-to lie within the expected variations of a single basis
weight fibrous structure 20.
Referring to Figure 2, the basis weight of the low basis
10 weight regions 26 relative to the basis weight of the high basis’
weight regions 24 is dependent upon the particular performance
characteristics desired in the finished product and the competing
interests of using available ‘materials in the most economical
manner, consistent with obtaining the desired performance of the
15 finished product. For example, while zero basis weight apertured
regions 26 may represent the most economical use of raw materials,
the consumer may react negatively to a consumer product, such as a
paper towel or tissue, which is apertured. However, low basis
weight regions 26 may be advantageously employed in such a product
20 to proyide areas of increased absorbency and retention of fluids
which are deposited on or otherwise come in contact with the
fibrous structure 20. Furthermore, the low basis weight regions
provide areas of reduced section modulus so that the fibrous

structure 20 is more compliant, and has a- softer fée], to the
25 user.

Preferably, the low basis weight regions 26 comprise about 20
‘percent to about 80 percent of the total surface area of the
fibrous structure 20, and more preferably about 30 percent to
about 50 percent of the total surface area of the fibrous

30 structure 20. The aggregate of the two relatively high basis
weight regions 24 and 28, described below, comprises the balance
of the total .surface area of the fibrous structure 20. As noted
above, relative to the three region’ fibrous structure 20, if
greater tensile strength is desired in the final product, the

35  aggregate of the surface areas of the two regions 24 and 28 of
higher basis weight should be relatively greater. Conver;ely; if

- : ‘increased absorbency and softness are desired, the percentage



25 a thickness of about 100 microns per slice are taken fromthe

snoot h surface. At

| east about 10 to 20 slices are required, so that

differences in the thickness of the fibrous structure 20 may: be

ascertained. Three to four sanples made by the microto

. OTEREPCAGEMENT SSHEET 30
series on a slide using oil and a cover slip. The slide'ahd  3dre

nounted in a light transm ssion mcroscope and observed dt about 4 6.1
magni fication. Pictures are t.aken to reconstruct the prot'laépﬁEPh $Vslli ge
until all 10to 20 slices, in series, are photographed.} | By observingt

I ndi vi dual phot ographs of the 35 m cr ot one, Terences in
thickness nmay .be ascertained as a profi}QB of thel topography o

t he fibrous structure i s reconstruct ed. By knowing the relative

basis weight at
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subfface area of the 1low basis weight region 26 should be
increased.

Each region 24, 26, and 28 of the fibrous structure 20 has an
associated density. As used herein, "density" refers to the ratio
of the basis weight to the thickness (taken normal ta the plane of
the fibrous structure 20) of a region 24, 26, or 28 of the fibrous
structure 20 under consideration. The density is independent of,
but related to, the basis weight of the different regions 24, 26,
and 28 of the fibrous structure 20. Thus,'two regions 24, 26, or
28 of differing basis weight may have the same density, or two
regions 24, 26 or 28 of the same basis weight may have different
densities. ' , _

If desired, density may be indirectly inferred through a
related intensive property, average pore size. Generaily, average
pore size and density are generally inversely proportional.
However, it is to be recognized that as the basis weight of a
particular region 24, 26, or 28 increases beyond a certain point,
the capillaries will be occluded by superimposed fibers, giving
the appearance of a smaller capillary size.

In the direction normal to the plane of the fibrous structure
20, the regions 28 of higher density will typically have a smalier
average pore size as projected in two dimensions than regions 24
and ‘26 of lower density, without regard to the basis weight of
such regions 24, 26 or 28.

Referring to Figure 2, the regions 24 and 26 defined and
described by basis weight may be further intensively subdivided
and described according :to relative density differences which
occur in such basis weight intensively defined regions 24 and 26.

"While differences in density among the low basis weight regions 26

30

35

may occur, in a fibrous structure 20 having three regions.24, 26,
and 28 it is more important that differences in density occur in
the high basis weight regions 24 and 28. .

The reason underlying this importance is that as the density
of the high basis weight regions 24 and 28 (or of the low basis
weight regions 26 for that matter) increases, the degree of
bonding of overlapping fibers also increases, providing for
increased tensile strength of that region. Because the tensile

e



42 reference point and at discrete regions 30, 32, 34 or 36 radiating from

the reference point and the differences in thickness,

qualitative

differences in density may be ascertained. The differences i:n thickness

bet ween regions 30, 32, 34 and 5 36 may be
phot ographi ng any representative slice of the sanple
" superinposed on the field. Conparing the scale to
the sanple at each outwardly oriented face of the f
t he thickness of the regions 30, 32, 34 or 36 under co
readily 10 ascertai ned. By photographing th
resolution guide in the plan view, the orientation and

T MR SHEE

bf o@d SEFLBD6r o
hsj deration is
e sanpl e and

ane of width or

the extrenes fof

spacing of the indicia at any location on the sanple can be found and
mat ched with the nserengtiTRF, the fabeust stracture PAr{s euAtro1TeddbpnthdOhigh2, 34

10

15

20

25

30

35

basis weight essentially continuous network region 24, it is
therefore more important that increased density (and hence tensile
strength) be provided in such high basis weight essentially
continuous network 24 than in the low basis weight regions 26,
because increasing the density (and hence tensile strength) of the
low basis weight regions 26 of the fibrous structure 20 will have

little effect on the tensile strength of the fibrous structure 20.

The regions 28 of increased density may be coniihuous, forming a
secondary network within the high basis weight essentially
continuous network 24 or, as illustrated in Figure 2, may be
discrete. '

To provide efficacious results, based on measurable increases
in tensile strength, the difference in density . between the
discrete densified regions 28 dispersed throughout the high basis
weight essentially continuous network 24 and the balance of the
high basis weight essentially continuous network 24 should be at
least about 25 percent, and breferably at lJeast about 35 percent.
Thus, the difference between the densities of the high density
region 28 and the low density regions 24 and 26 should be at least

- about 25 percent and preferably at least about 35 percent. If the

difference 1in density is less than about 25 percent, such
differences may fall within the normally expected manufacturing
variations of fibrous products, and may not, in all likelihood,
represent a significant, quantifiable difference in tensile
strength.

As noted above, relative to the regions 24, 26 and 28 having
different basis weights, it is not necessary that the regions 24,
26 and 28 of different densities have exact boundaries or that
exact lines of demarkation between adjacent regions 24, 26, and 28
of different densities be apparent at all. It is- only necessary
that increased bonding occur, so that failure of the bonds of
adjoining fibers is minimized in the presence of tensile loading.
Also, as noted above relative to adjacent regions having different
basis weights, small transition zones between the adjacent

_different density regions 24 and 28 may be present without



or 36 for which a thickness neasurenent was nade. The r

ef erence 15

uide may al so be utilized with the aforenentioned sof “ﬂ%ﬁcg4gﬂe, SO
?hat preci se determ nation of the regions 30, 32, 34 crpggiﬁﬁk.ﬂr
consideration in the thickness nmeasurenent, is possiblje|jin place @% t e
fibrous structure. Alternatively, thickness differences naﬁ€b§E§é bt di red
using 20 the stereoscan m croscope in accordpnce wth the
teachings of any of the following articles: A Dynamc Real Tinme 3-D
Measur ement Technique for | C Inspection by Breton, et.hl.. published—n
M croel ectroni c Engi neering (541-545 1986); &@tegrated Crcuit Metrology,
| nspection and Process Control by Breton, et al. 25 publ i shed in

t he Proceedi ngs of
(Vol . 775, WMarch

SPIE-International Society for Optical Engineering

1Hd8eselyr aResetingi Nthe3DdésHMed Mppopegt 30 dfeashy € ffsrbus

techni que by Bret ongt@hictufs 20, Publ i shed in the European Journal of Cell

Bi ol ogy (Vol. 48, SUpp'ThgsS, ]éggglgr’ous structure 20 manufactured according to the
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present invention has three intensively distinct regions 24, 26
and 28. With reference to Table II, the first and third regions
24 and 28 are of a relatively high and substantially mutually
equivalent basis weight. The second region 26 is of relatively
low basis weight. The density of the second region 24 is
intermediate the densities of the first and third regions 26 and
28. The third region 28 is of higher density than is either the
first region 24 or the second region 26. The first region 24

forms an essentially continuous network while the second and third
regions 26 and 28 are discrete.

Table II
Region Relative Basis Weight Relative Density
24 High Medium
26 Low Low
28 High High

Referring to Figures 3A and 3B, it is also feasible to
provide a four region intensiVely distinguishable fibrous
structure 20. Such "'a four region fibrous strncture‘ 20 may
comprise two regions 30 and 32 of ~substantially mutually
equivalent and relatively low basis weight and two regions 34 and
36 of substantially mutually equivalent relatively high basis
weight. As illustrated in Table III, the two low basis weight
intensively distinguishable regions 30 and 32 are further
distinguishéd by- having mutually different densities, these
densities being the lesser two densities of such a fibrous
structure 20. Likewise, the reIativeiy high basis weight
intensively distinguishable regions 34 and 36 are further
distinguished by having mutually different densities, these

densities being the greater two demsities of such a fibrous
structure 20.



which articles are incorporated herein by reference for the 30

purpose of showing alternative techniques for ascertaining thickness
differences. A technique for determining relative differences in-density
bet ween various regions 30, 32, 34 and 36 of the fibrous gimpsTugiEsTs |t o
utilize two other known intensive properties. Particul arl y-—35—

the ratio of the basis weight of the high basis weight. regigpg.Séba di36 to
the basis weight of the | ow basis weight regi ons 30 fnd 22 ®&n K€% durld as
descri bed above. Simlarly, the ratio of the 43 Yt hj cknesses _of—thel hi gh

basis weight regions 34 and 36 to the thickhgﬁs of the [Tow basis weigh
regi ons can be found as —

Table I1I
Region Relative Basis Weight Relative Density
30 Low Low
5 32 Low Very Low
- 34 High High
36 High Medium

As illustrated in Figures 3A and 3B, the high basis weight, -
10- high density region 34 comprises an essentially continuous
network, which has the advantages of increased bonding of fibers
(due to the relatively high density) and a high basis .weight to
provide a relatively large quahtity of fibers for distribution of
tensile loading. This region 34 will typically control the
15 tensile strength of the fibrous structure 20.

The high basis weight, medium density regions 36 are
typically discrete, although, if made large enough relative to the
other three regions 30, 32, and 34, may also form an essentially
continuous network, independent of whether any other region 30, 32

20 or 34 forms an essentially continuous network. Whether discrete
' or essentially continuous, the two high basis weight regions 34
and. 36, both alone and when aggregated, are disposed in a
nonrandom, repeating-pattern. The two high basis weight regions
- 34 and- 36- are typically -adjacent, due to factors present in the
25 manufacturing process described below. '

The two low basis weight regions 30 and 32 are typically and
preferably discrete. Preferably, the low basis weight, very low
density regions 32 represent a larger percentage of the surface
area of the fibrous structure 20 than the low basis weight, low

30 density regions 30 - so that the maximum savings of raw materials
~occurs. Whether discrete or essentially continuous, the two low
basis weight regions 30 and 32, both alone and when aggregated,

are disposed in a nonrandom, repeating pattern.

It is not necessary that the four intensively defined and

35 distinguished regions 30, 32, 34, and 36 be of equivalent
thicknesses, or that the four regions 30, 32, 34, and 36 be



descri bed above. Thus, it will be apparent to one skilled in the art that-
the 5 ratio of the basis weights divided by the ratio-of—the

t hi cknesses will yield the ratio of the densities bet mpmnemﬁﬂbrsrﬁéﬁs ty
regions 28 and the |ow density regions 24 and 26, proyi g+ng—the—frirops

structure 20 is prepared in accordance with the teachings
I nvention. Algebraically this nay be expressed as: 10 fé’ éﬂﬁwq)e s ty

- Basis Wi ght/ Thickness [err] BW= Basis Wight of th¢ Ki_gh Basis j _
Regi ons.34 ahd 36 Basis Wight of the Low Basis Wi ght Regions 26 where RBW
Is the ratio of the basis weights. Slmlarlyzz[err]T ' ‘

H gh Basis Wi ght Regions 34 and 36 15 Thi ckness of the
Low Basis Wi ght Regions 26 wherein RT is the ratio of the thicknesses of

t he hi gh basi s wei ghmitesgitontwd4 oando 3@véro three | distiast sthiekmisses.egifons 30

and example, typically the low basis weight, very low density regions
32 of the fibrous structure 20 will be of greater thickness than
the low basis weight, low density regions 30 of the fibrous
5 structure 20, due to factors present in the manufacturing process
described below. Similarly, typically the high basis weight,
medium- density regions 36 of the fibrous structure 20 will be of
greater thickness than the high basis weight, high density regions
34 of the fibrous structure 20, due to the same factors present in
10 the manufacturing process. :

Further, the high basis weight, high density regwns 34 may
be of lesser thickness than the low basis weight, very low density
regions' 32. However, the relative thickness between the high
basis weight, medium density regions 36 and the low basis weight,

15 very low density regions 32 and the relative thickness between the
high basis weight, high density regions 34 and the low basis
weight, low density regions 30 may vary so that it may be
difficult to predict that one such region 36 or 32 will always

_ have a greater or lesser thickness than the other such region 34
20 or 30.

For examp'le and as stated in Table III, typically the high
basis weight, high density region 34 will be of greater density
than the high basis weight, medium density region 36. Further,
the low density, low basis weight region 30 will be of greater

25 density than the Tow basis weight, very low density region 32.
However, the density of the high basis weight, medium density
region 36 may be greater than, less than or equivalent the density
of the low basis weight, low density region'_ 30. The relative
difference between the densities of these regions 36 and 30 is

30 dependent upon the ratio of the basis we1ghts to the thickness of
such regions 36 and 30.

Such differences in thicknesses between the regions 30, 32,
34, and 36 may be accomplished, as described below, by either

' compressing fibers of the regions 30 and 34 having a lesser

35 ' thickness or by expanding normal to the plane of the fibrous

structure 20 the fibers of the regions 32 and 36 having greater
- ' thickness. However, it is to be recognized that typically the



32. Therefore, [err] = [err]BWJ[err]T 20 wherein R err] is the
ratio of the densities of the high basis weight regions 34 and 36 _to. t
density of the |l ow basis weight regions 30 and 32. It w

one skilled in the art that if the basis weight is held}c
of the thicknesses wll 25 be identical to th
densities for any particular regions 30, 32, 34 or 36.
establish that the regions 30, 32, 34 and 36 are of cons} g
by nerely establishing the ratio of the thicknesses, as geStribed above,
one can at the sanme tine establish the ratio of the dens|ties., Rleril—
30 this ratio, Rerr], is less t#an 0.75 or greater than 1.33,
the densities vary by nore than 25% PRQIECTED AVERAGE PCORE Sl ZE

multiple of the thickness and density for either of the two low
basis weight regions 30 and 32 will be mutually equivalent.
Likewise, the product obtained by multiplying the thickness and .
density for either of the high basis weight regions 34 and 36 will

5 be mutu;]]y equivalent. For regions 30, 32, 34 and 36 having_
' equal basis weights, thickness and density are inversely
proportional.

Preferably, the aggregate of the projected surface areas of

the two low basis weight regions 30 and 32 comprises about 20

16- _ percent to about 80 percent of the total area of the fibrous

: structure 20, and preferably about 30 to about 50 percent of the

projected total surface area of the fibrous structure 20. The

aggregate of the projected surface areas of the two relatively

. high basis weight regions 34 and 36 comprises the balance of the

15 projected surface area of the fibrous structure 20. As noted

above, relative to the three region fibrous structure of Figure 2,

if greater tensile strength is desired in the final product, the

aggregate of the two regions 34 and 36 of higher basis weight

should be relatively greater. Conversely, if increased absorbency

20' or softness is desired, the aggregate of the two low basis weight
regions 30 and 32 should be increased.

Several variations to the fibrous structures 20 according to
the present invention are feasible. For ~example, it is not
necessary that the fibrous structures 20 be limited to two basis

28 weights, as disclosed above, or to four-densities as disclosed
above. It is possible that fibrous structures 20 according to the
present invention may have three or more regions defined by basis
weights and also more than four regions defined by densities. -
Therefore, the combinations and permutations of regions based upon

30" the product of regions having differing basis weights and
differing densities is almost limitless, but is certainly at least
three and four, as noted above, and may be greater as shown below.

' Other ways exist to increase the tensile strength of the
fibrous structure 20 according to the present invention, and to

35 enhance the drying of a fibrous_ slurry to the aforementioned
fibrous structure 20 as discussed below. For example, to increase
the tensile strength of the fibrous structure 20, a strength




To quantify relative differences in projéected average pore size, a-N kon
st ereom croscope, nodel SMZ-2T sold by the N kon ﬁS Conpany, of
New York, New York may be used in conjunction with a

nmodel NC-70 video canéra. The image fromthe mcrosco eREHMKEMENT H
stereoscopically viewed through the oculars or 44 i dTn two
di nensi ons-on a conputer nonitor. The anal og i nage data fg@pﬁtpepqgntre
attached to the nicroscope may be digitized by a ‘vidagea ar made by
Data Translation of Marlboro, Massachusetts and and yzed—en—ea—actTit dsh
I 1 x conputer nade by the 5 Appl e nput er of Cuperti no,

California. Suitable software for the digiti®Zati on ant—amatysrs 1s | MAGE,
version 1. 31, ' - S

additive, such as latex binder or an adhesive, may be added to the
high basis weight essentially continuous network 24 at discrete
sites, rather than or in addition to having regions 28 of
increased density distributed throughout the high basis weight
5 essentially continuous network 24. - .
Also, tensile strength may be enhanced by having greater
orientation and parallelism of fibers at discrete sites throughout
the high:basis weight essentially continuous network 24. Further,
instead- of increasing the density, the _basis’ weight may be
10 : increased throughout various sites within the high- basis. weight
essentially continuous network 24 to provide more fibers, and
hence more fiber bonds, to carry and distribute tensile loads.
Finally, increased bonding of fihers may occur at discrete sites
within the high basis weight essentially continuous network 24.
15 A1l such modifications to the high basis weight' essentially
continuous network 24 provide for enhanced distribution of any
tensile loading which is applied to the fibrous structure 20.

ANALYTICAL PROCEDURES
20 BASIS WEIGHT '
The basis weight of a fibrous structure 20 according to the

present invention may be qualitatively measured by optically

viewing (under magnification if desired) the fibrous structure 20

in a direction generally normal to the -plane of the fibrous

25 structure 20. If differences in_ the amount of fibers,
particularly the amount observed from any line normal to the
plane, occur in a nonrandom, regular repeating pattern, it can
generally be determined that basis weight differences occur in a
like fashion. ' '

30 Particularly the judgment as to the amount of fibers stacked
on top of other fibers is relevant in determining the basis weight
of any particular region 24, 26 or 28 or differences in basis
weights between any two regions 24, 26 or 28. General1y,
differences in basis weights among the various regions 24, 26 or

35 28 will be indicated by inversely proportional differences in the
amount of light transmitted through such regions 24, 26 or 28.



avai l able fromthe National Institute of Health, in Vﬂshington D.C. The
sanple is viewed through the ocul ars, using stereoscopic 10

capabilities of the mcroscope to determ ne areas of 'ﬁﬁ ﬁgﬁmmehﬂhﬁﬁeTn t he
fibers are substantially within the plane of the sanple s} of
the sanple which have fibers deflected nornal to the pltne ofﬁépe?gg
It may be -expected that the areas having fibers defl edtdd t he
pl ane of the sanple 15 . will be of | ower density t han_the a
having fibers which lie principally within the plane the sanple.
Two areas, one representative of each of t aforenehLLnnedff.up.
di stributions, should be selected for further analysis. For the user's
conveni ence in identifying the areas of the 20 sanpl e of
interest, a hand hel d opfiqueoneastcuratey dekprainat tons phitbetbasi siskeighs| efghordey
| arger than the ar eaedionie®, azeaboy 280re1abiveb€o USEFFferent region 24, 26, or 28,
is desired, such magnitude of relative distinctions may be
quantified using multiple exposure soft X-rays to make a
5 radiographic image of the sample, and.subéequent image analysis.
: Using the soft X-ray and image analysis techniques, a set of
standards having known- basis weights are compared to a sample of
the fibrous structure 20. The analysis uses three masks: one to
show the discrete low basis weight regions 26, one to show the
10 continuous network of high basis weight regions 24 and 28, and one
to show the transition regions 33. Reference will be made to
Figures 9-14 in the following description. However, it is to be
understood while Figures 9-14 relate to a specific ekample, the
followiné description of basis weight determination is not so
15 limited.

In the comparison, the standards and the sample are
simultaneously soft X-rayed in order to ascertain and calibrate
the gray level image of the sample. The soft X-ray is taken of
the sample and the intensity of the image is recorded on the film

20 in proportion to the amount of mass, representative pf the fibers
: . in the fibrous structure 20, in the path of the X-rays.
If desired, the soft X-ray may be carried out using a Hewlett
* Packard Faxitron. X-ray unit supplied by the Hewlett Packard
Company, of Palo Alto, California. X-ray film sold as NDT 35 by
25 the E.I. DuPont Nemours & Co. of Wilmington, Delaware and JOBO
film processor rotary tube units may be used to advantageously
develop the image of the sample described hereinbelow.

Due to expected and ordinary variations between different
X-ray units, the operator must set the optimum exposure conditions

.30 for each X-ray unit. As used herein, the Faxitron unit has an
X-ray source size of about 0.5 millimeters, a 0.64 millimeters
thick Beryllium window and a three milliamp continuous cdrrent.
The film to source distance is about 61 centimeters and the
voltage -about 8 kVp. The only variable parameter is the exposure

35 time, which is adjusted so that the digitized image would yield a
maximum contrast when histogrammed as described below.

ol V.




The sanple is disposed with an area of interest centered on the m croscope
stage. The mask is placed over the sanple so that the transparent w ndow is
centered and captures the area to be 25 anal yzed This area and

the wi ndow are then centered on the nonitor. The mask shopgp] AGEMERTSHEET
so that any translucent qualities-of the w ndow do not off get the— _
analysis. Wiile the sanple is on the mcroscope stage, th )a%££I§EBL@B%I
adj usted so that relatively fine fibers become visible. he

threshokld gray |levels are determnmined and set to coincide th the snaller
sized capillaries. A total of 256 gragg levels, a$ described above,
has been found to work well, with O representing a totall y—whiie-

°2

appearance, and 255 representing a totally black appearance. For the
sanpl es descri bed herei He samphe dsHeculrtoydisgnsions of about :5lby atfout 7.5

approxi mately O to déditeters l{eecby 3 ducikbs) 0 1PEsIvRY] the sl edflychd ng¥kedf ! he
capillaries. with indicia to allow precise determination of the locations of
regions 24, 26 and 28 having distinguishable basis weights.
5 - Suitable indicia may be incorporated into the sample by die
cutting three holes out of the sample with a small punch. For the
embodiments .described herein, a punch about 1.0 millimeters (0.039
‘inches) in diameter has been found to work well. The holes may
be colinear or arranged in a triangular pattern.
10 . These indicia may be utilized, as described below, to match
regions 24, 26 and 28 of a particular basis weight with regions
24, 26 and 28 distinguished by other intensive properties, such as
thickness and/or density. After the indicia are placed on the
sample, it is weighed on an analytical balance, accurate to four
15 significant figures. _ -

The DuPont NDT 35 film is placed onto the Faxitrop X-ray
unit, emulsion side facing upwards, and the cut sample is placed
onto the film. About five 15 millimeter x 15 millimeter
calibration standards of known basis weights (which approximate

20 and bound the basis weight.of the various regions 24, 26, and 28

h of the sample) and known areas are also placed onto the X-ray unit
at the same time, so that an accurate basis weight to gray level
calibration can be obtained each time the image of the sample is
-exposed.and developed. Helium is introduced into the Faxitron for

25 about 5 minutes at a regulator setting of about one psi, so that
the air is purged and, consequently, absorption of X-rays by the
air is minimized. The exposure time of the unit is set for about

2 minutes. _
Following the helium purging of the sample chamber, the
30 sample is exposed to the soft X-rays. When exposure is compieted,

the film is transferred to a safe box for developing under the
standard conditions recommended by E.I. DuPont Nemours & Co., to
form a completed radiographic image. _
The preceding steps are repeated for exposure time periods of
35 ~ about 2.2, 2.5, 3.0, 3.5 and 4.0 minutes. The film image made by
each exposure time is then digitized by using a high resolution
radioscope Line Scanner, made by Vision Ten of Torrence,



.45 The entire selected area i s now bicol ored, having a first col or
represent the detected capillaries as discrete particles and-the _presence

of undetected fibers represented by gray |evel shading. Thi$ RPPIACEMENT SHEET
selected area is cut and pasted fromthe 5 ' sur r ofingh-#

of the sanple, using either the nouse or the perfect square ag%g&g f ound
I n the software. The nunber of thresholded gray |evel parti ¢l ess EP 1996
representing the projection of capillaries which penetrate {htouah the

t hi ckness of* the sanple, and the average of their sizes (injunits of area

may be easily 10 t abul at ed usi ng # e software. The-whits—0f_the
f

particle size will either be in pixels or, desired, may be m croneter
calibrated

California, in the 8 bit mode. Images may be digitized at a
spatial resolution of 1024 x 1024 discrete points representing 8.9
x 8.9 centimeters of the radiograph. Suitable software for this
purpose includes Radiographic Imaging Transmissibn and Archive
5 (RITA) made by Vision Ten. The images are then histogrammed to
record the frequency of occurrence of each gray level value. The
standard deviation is recorded for each exposure time.
The exposure time yielding the maximum standard deviation is
used throughout the following steps. If the exposure times do° not
10 yield a maximum standard deviation, the range of exposure times
should be expanded beyond that illustrated above. The standard
deviations associated with the images of expanded exposure times
should be recalculated. These steps are repeated until a clearly
maximum standard deviation becomes apparent. The maximum standard
15 deviation is utilized to maximize the contrast obtained by the
scatter in the data. For the samples illustrated in Figures 8-14,
an exposure time of about 2.5 to about 3.0 minutes was judged

optimum. _
The optimum radiograph is re-digitized in the 12 bit mode,
20 . using the high resolution Line Scanner to display the image on a

1024 x 1024 monitor at a one to one aspect ratio and the
Radiographic Imaging Transmission and Archive software by Vision
Ten to store, measure and display the images. The scanner lens is
set to-a field of view of about 8.9 centimeters per 1024 pixels.
25 The film is now scanned in the 12 bit mode, averaging both linear
and high to low lookup tables to convert the image back to the
eight bit mode. _
This image is displayed on the 1024 x 1024 line monitor. The
gray level values are examined to determine any gradients across
30 the exposed areas of the radiograph not blocked by the sample or
: the calibration standards. The radiograph is Jjudged to be
acceptable if any one of the following three criteria is met: '
the film background contains no gradients in gray level
values from side to side;
35 the film background contains no gradients in gray level
values from top to bottom; or
a gradient is present in only one direction, i.e. a



to determine the actual surface area of the individual

capillaries. This procedure is repeated for the second arga—eé—ipterest 15
The second area is centered on the nonitor, then cut and pa&iedATEATNTt SKEET
bal ance of the sanple, using the hand-held mask as desired. {Agarm—they

t hreshol ded articles, representin the projection of gapilharg | C
b p h ncﬁzéhéﬁinéﬁ&gg

penetrate through the thickness of the sanple, are counte

of their sizes tabul ated. 20 . Any di fferenge

projected average pore size is now quantified. |f the avgrage size of the
particles of the two areas differs by nore than 25% the iImtenstve—
properties of the areas, |ikew se are consi déPed to vary nore than 25% 25

PATTERN DETERM NATI ON Knowi ng the size and pitch of. different regi ons 30,
32, 34 and 36 distingui shediipfrenddi N8 GrayDagives Weikdahlon@nél db Nt & eReSstreand
side at the top of the radiograph is matched by the same
difference in gradient at the bottom of the radiograph.
One possible shortcut method to determine whether or not the third
5 condition may be met is to examine the gray level values of the
pixels located at the four corners of the radiograph, which covers
are adjacent the sample image. '
The remaining steps may be performed on a Gould Model 1P9545
Image Processor, made by Gould, Inc., of Fremont, California and
10 hosted by a Digitized Equipment Corporation VAX 8350 computer,
using Library of Image Processor Software (LIPS) software. _
A portion of the film background representative of the
criteria set forth above is selected by utilizing an algorithm to
select areas of the sample which are of interest. These areas are
15 enlarged to a size of 1024 x 1024 pixels to simulate the film
background. A gaussian filter (matrix size 29 x 29) is applied to
smooth the resulting image. This image, defined as not containing
either the sample or standards, 1is then saved as- the film
background.
26 ' This film background dis digitally subtracted from the
) subimage containing the sample image on the film background to
yield a new image. The algorithm for the digital subtraction
dictates that gray level values between 0 and 128 should be set to
a value of zero, and gray level values between 129 and 255 should
25 be remapped from 1 to 127 (using the formula x-128). Remapping
corrects for negative results that occur in the subtracted image.
The values for the maximum, minimum, standard deviation, median,
mean, and pixel area of each image area are recorded. .
The new image, containing only the sample and the standards,
30 ' is saved for future reference. The algorithm is then used to
selectively set individually defined image areas for each of the
image areas containing the sample standards. For each standard,
the gray level histogram is measured. These individually defined
areas are then histogrammed. ’
35 The histogram data from the preceding step is then utilized
to develop a regression equation describing the mass to gray level
relationship and which computes the coefficients for the mass per



hence density or projected average pore size) allows one. to determne

whet her or

not a nonrandom repeating pattern exists in_30Q +he-
fibrous structure 20, sufficient to define at |east threﬂEHiﬁﬂHﬁﬁ@ﬁtSH&ﬁﬁ
30, 32, 34 and 36.
wei ght neasurenents is different fromthe other, at |egst
32, 34 and 36 are present. If the size or pitch are idgnt
| east three 35

If either the size or pitch of the tihi

regions 30, 32, 34 and 36 arg p

the paranetets are not matched in |ocation on the fibrdus structure“ZO,
whi ch case only two regions 24' and 26' are present. ehet—tocatrTon
can typically .be determ ned by visual inspectedn of the sanple

10

15

'Zb

25

30

35
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gray value equation. The independent variable is the mean gray

~level. The deﬁendent variable is the mass per pixel in each

calibration standard. Since a gray level value of zero is defined
to have zero mass, the regression equation is forced to have a y
intercept of zero. The equation may utilize any common
spreadsheet program and be run on a common desktop personal
computer. ' _ | '

The- algorithm-is then used to define the area of the image
containing only the sample. This image, shown. in Figure 9, is
saved for further reference, and is also classified as to the
number of occurrences.of each gray level. The regression equation
is then used in conjunction with the classified iﬁage data to
determine the total calculated mass. = The form of the regression
equation is:

Y=AxXxN

wherein Y equals the mass for each gray level bin; A equals the
coefficient from the regression analysis; X equals the gray level
(range 0 - 255); and N equals the number of pixels in each bin
(determined from classified image). The sunmation of all of the Y
values yields the total calculated mass. For precision, this
value is then compared to the actual sample mass, determined by
weighing.-

The calibrated image of Figure.9 is displayed onto the
monitor and the algorithm is utilized to analyze a 256 x 256 pixel
area- of the image. This area is then magnified equally in each
direction six times. A1l of the following images are formed from
this resultant image.

If desired, an area of the resultant image, shown in Figure
14, containing about ten sites of the nonrandom, repeating pattern
of the various regions 30, 32, 34 and 36 may be selected for
segmentation of the various regions-30, 32, 34 or 36. It will be

. apparent that if the differences in basis weights between regions

30, 32, 34 and 36 are relatively small, more than ten sites may be
necessary to assure statistical significance in the resuits. The
resultant image shown in Figure 14 is saved for future reference.
Using a digitizing tablet equipped with a 1ight pen, an
interactive graphics masking routine may be used to define



under. magnification. If a nore accurate or quantitative
determnation is desired, it nmay be made using the aforenentloned I ndi ci a

to assure registration. 5 O cour sp— @e
recogni zed the aforenentioned analytical procedur =sBEPLA§EMEN /
suggestions as to what procedures may be used to Ty differehces in

I nt ensi ve properties of a particular fibrous
consideration. It will be recognized by one skill-ed
ot her, viabte anal ytical procedures nmay exist and the
anal ytical procedure is to be used is best tenpered by
of the art to the particular sanple under c8®siderati b -
THE APPARATUS AND PROCESS A cellulosic fibrous structure 20 as descri bed

fﬁgve may be made AGRE{]bAFedfont HRtARRAR I Balst'S Wefgnedrdd¥ors' $4/afd 362N

and the low basis weight regions 30 and 32. The operator should
subjectively and manually circumscribe the discrete regions 30 and
32 with the light pen at the midpoint between the discrete regions

5 30 and 32 and the continuous regions 34 .and 36 and fi]l_in these
regions 30 and 32. The operator should ensure a closed loop is
formed about each circumscribed discrete region 30 or 32. This
step creates a border around and between any discrete regions 30
and 32 which can be differentiated according to the gray level

10 intensity variations.

The graphics mask generated in the preceding step is then
copied through a bit plane to set all masked values (such as in
region 30 or 32) to a value of zero, and all unmasked values (such
as in regions 34 and 36) to a value of 128. This mask is saved

15 for future reference. This mask, covering the discrete regions 30
and 32, is then outwardly dilated four pixels around the
circumference of each masked region 30 or 32.
The aforementioned magnified image of Figure 14 1is then
copied through the dilated mask. This produces an image shown in
20 Figure 12, having only the continuous network of eroded high basis
’ weight regions 34 and 36. The image of Figure 12 is saved for
future reference and classified as to the number of occurrences of
_each gray level value.
The original mask is copied through a lookup table that
25 . reramps gray values from 0 - 128 to 128 - 0. This reramping has
the effect of inverting the mask. This mask is then inwardly
. dilated four pixels around the border drawn by the operator. This
has the effect of eroding the discrete regions 30 and 32.
The magnified image of Figure 14 is copied through the second
30 dilated mask, to yield the eroded low basis weight regions 30 and
32. The resulting image, shown in Figure 10, is then saved for
future reference and classified as to the number of occurrences of
each gray level.

In order to obtain the pixel values of the transition

385 | regions, the two four pixel wide regions dilated into both the
high and low basis weight regions 30, 32, 34 and 36, one should
combine the two eroded images made from the dilated masks an shown

St4 4CSEp 49960
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mat chi ng the



process conprising the steps of providing a fibrous slurry, providing a

| iquid pervious fiber retentive form ng el enent, which 20 retains
the fibers in a substantially planar geonetry, providing— BEE sg ET
deposit the fibrous slurry on the form ng el enent, prOV|dﬁE‘- _ S

apply a differential pressure to selected portions the I brous slurrly
in concert with a differential pressure cooperating jrejrberg SERI96
provi ding a neans 50a and/or 50b 25 ‘to dry thejf brouslslurry‘
The process fmy be carried out using a_suitably nodi fi ed} paperTakTNg

machi né, having a formng belt 42 as the gUId perviops fiber

retentive formng elenent. The dep05|ted 1fibrous slarry Wil

eventually form one of the aforenentioned cellulosic structures 20 of

Figures 2 or 3A and1n3319u39s 10 and 12. Th1 is HeBonp é\i ege% ff'igt()??ad?l!\d’”oﬁy
A

d
CoMpr! 565 20 2L Xt4F B lelde s i s Vot gl Eh b

necessarily, the itqaqg,pato another memory channel.
The image of Figure 10 is copied onto the image of Figure 12,

5 using the image of Figure 10 as a mask. Because the second image.
of Figure 12 ‘was used as the mask channel, only the non-zero
pixels will be copied onto the image of Figure 12. This procedure
produces- an image containing the eroded high basis weight regions
34 and 36, the eroded low basis weight regions 30 and 32, but not

10 ~ the nine pixel wide transition regions 33 (four pixels from each
dilation and one from the operator’s circumscription of the
regions 30 and 32). This image, shown in Figufe 13, without the
transition regions is saved for future reference.

Since the pixel values for the transition fegions 33 in the

15 transition region image of Figure 13 all have a value of zero and

one knows the image cannot contain a gray level value greater than

127, (from the subtraction algorithm), all zero values are set to

a value of 255. Al1 of the non-zero values from the eroded high

and low basis weight regions 30, 32, 34 and 36 in the image of

20 Figure 13 are set to a value of zero. This produces an image
' which is saved for future reference. _

To obtain the gray level values of the transition regions 33,
the image of Figure 14 is copied through the image of F{gure 13 to
obtain only the nine pixel wide transition regions 33. This

25 image, shown in Figure 11, is saved for future reference-and also
classified as to the number of occurrences per gray level.

So that relative differences in basis weight for the low
basis weight regions 30 and 32, high basis weight regions 34 and
36, and transition region 33 can be measured, the data from each

30  of thg classified images above and shown in Figures 10, 12, and 11
respectively are then employed with the regression equation
derived from the sample standards. The total mass of any region
24, 26, 28 or 33 is determined by the summation of mass per grey
level bin from the image histogram. The basis weight is

35 calculated by dividing the mass values by the pixel area,
considering any magnification.



carrier i s aqueous. The fibers are normally dispersed

in a

substanti ally honbgeneous fashion at a consistency of about 0.1 35 _
percent consistency to about 0.3 percent consistency. As used herein

"consistency is the ratio of the weight of dry fibers in
total weight of the systemnultiplied by 100. 47 As th

FLACENTENT RUEcT

process descri bed below are serially carried out, the con
adm xture generally increases. It is to be understood, of

5t ency of the
bu2<e SEFOT096

i
C
fibers, particularly those of shorter |length, may be carrjef through the
i
i

formng 5 ‘element wth the drainage of the liqg
the formng elenent is still to be consideret fiber reten
this '

carTTer_and
ve. . However,

The classified image data (frequency) for each region of the
images shown in Figures 10-12 and 14 may be displayed as a
histogram and plotted against .the mass (gray level), with the
ordinate as the frequency distribution. If the resulting curve is
monomodal the selection of areas and the subjective drawing of the
mask were likely accurately performed. The images may also be
pseudo-colored so that each color corresponds to a narrow range of
basis weights with the following table as the possible template

for color mapping.

The image resulting from this proceeding step may then be

pseudo-colored, based upon the range of gray levels.

The Tist of

gray levels shown in Table IVA has been found suitable for

uncreped samples of cellulosic fibrous structures 20:

Table VA
Gray Level Range Possible Colors

o ~ Black
1-5 ' Dark blue
6-10 . Light blue

" 11-15 Green
16-20 Yellow
21-25 Red
26+ ' White

Creped samples typically have a higher basis weight than
otherwise similar uncreped samples. The list of grey levels shown
in. Table IVB was found suitable for use with creped samples of

cellulosic fibrous structures. 20:

Table VB




does not substantially adversely affect this step of the process. The

formng el enent may conprise perforated filnms, rolls, or
particularly preferred formng element is a continuouse :
belt 42 illustrated by Figure 6. If a formng belt 42 | REPLAR

form ng el ement

of the ,celluwlosic structure 20 being forned. The first| fls
referred to in the art as the paper contacti si de of
The first face 53 has two topographically distinct reg

The regions

formng belt”

Z-di rection.

As

, - the formng belt 42 has two nutually bp
first face 53 and a second face 55 as iIIustrated in

42.

plates. A

cts the fibe

1-7 Dark blue
8-14 ' Light blue
15-21 Green
22-28 Yellow
- 29-36 Red
36+ : White

The resulting image may be dumped to a printer/plotter. If
desired, a cursor line may be drawn across any of the
aforementioned images, and a profile of the gray levels developed.
If the profile provides a qualitatively repeating pattern, this is
further indication that a nonrandom, repeating pattern. of basis

-weights is present in the sample of the fibrous structure 20.

If desired, basis weight differences may be determined by
using an electron beam source, in place of the aforementioned soft
X-ray. If it is desired to use an electron beam for the basis
weight imaging and determlnatton, a suitable procedure is set

~forth in European Patent Application 0,393,305 A2 published

October 24, 1990 in the names of Lumer et al., which application
is incorporated herein by referenqe for the purpose of showing a
suitable” method of determining differences in basis weights of

- various regions 30, 32, 34 and 36 of the fibrous structure 20.

DENSITY

The relative densities of given regions 30, 32, 34 or 36 of
the fibrous structure 20 may be qualitatively ‘differentiated as
follows. Samples of the fibrous structure, at least about 2.5
centimeters by 5.1 centimeters (1 inch by 2 inches) in area are
provided.' It is to be recognized that if that, dependent upon the
relative sizes of the regions 30, 32, 34 or 36, a larger sample
may be required or alternatively a smaller sample may be suitable.
A water ba;ed magic marker, such as a red Berol marker #8800 is
provided- and the samples are uniformly stained by hand using the
water based marker. The samples are then dried at room
temperature and 50% relative humidity for at least about 1 hour.

posed face
i qur bBEP‘ﬂ'ﬁ% f

: _ 53a and 53b.
53a and 53b are distinguished by the anount of orthogonal

variation fromthe 20 Gray LevelSRdaged and opposbdseibﬁeacaor55 of the
' Such oq}hogonal variation is Qﬂﬁﬁldered to be in the



used herein the "Z-direction" refers to the direction away from and
generally orthogonal to the formng belt 42, considering_the forninq belt .

42 as a planar, two-dinmensional structure. 25 REPLACH
belt 42 should be able to withstand all of the known strles
conditions in which cellulosic, two-dinensional structdrdgs are

and manuf act ur ed.

according to the teachings of U S. Patent 4,514,345 issdyeq April 30, 1985
to 30 . -~ Johnson et al., and particularly accordijng-to Figure 5 of
., which patent is incorporated herein by rleference for. the

Johnson et al

EMENTOSHREND

pr.oce se
A particularly preferred form ng beljt 422ﬁa§5 Be?héd

‘d

purpose of showing a particularly suitable f# mng elenent for use with the
present invention and a nethod of making such form ng elenent. 35

The formng belt

particularly the durgctlon

10

42 fng da w&sdaﬂaeﬁﬁegmsbewee@%wa BREUc Sdhed HiERFR S s,
a ster-eon'.h'cr'usc:opé.r Sstuc:ﬂc aa%easf?’ikor]: model SMZ-2T, such as
maybe ‘obtained from the Frank E. Feyer Company of Carpenterville,
I1linois, the samples are placed so that any deviations from the
general plane of the sample are downwardly oriented, towards the
base of the microscope. The magnification 1is adjusted to
approximately 18x, dependent upon the relative size of the regions
to be observed. Light is principally supplied from the bottom of
the sample and adjusted to maximize the apparent contrast between
the low density regions 24 and 26 and the high density regions 28. -

If a repeating nonrandom pattern of high density regions 28

* dppear, such regions will 1ikely be relatively 1ight red in color.

15

Conversely, relatively low density regions 24 and 26 will appear
to be dark brown in color. Such color differences are caused by
the differential density. If desired, color photographs may be
taken of the samples to later confirm the findings made by the
stereoscopic microscopic examination.

Alternatively, density differences may be qualitatively or

~ quantitatively determined by ascertaining the differences in basis

20

25

30

35

weights of various. regions 30, 32, 34 or 36 of the fibrous
structure 20 and combining such basis weight differences with the
thicknesses of the regions 30,. 32, 34 or 36 of 'thg fibrous
structure 20 to determine density differences. Thickness may be
determined as set forth below. '

THICKNESS

While several methods to determine thickness are presented
below, the preferred method is that presented in the text
accompanying Figures 15A - 18 and represents the method from which
all of the thickness values discussed herein were taken. However,
any method accurate and precise method of determing the thickness
of the fibrous structure 20 may be utilized.

A preferred method to determine the thickness of different
regions 30, 32, 34 and 36 of the fibrous structure 20 is to
topographical]y measure the elevation of each exposed face of the
fibrous structure 20. This produces a series of isobaths on one
face of the fibrous structure 20 and a series of isobases on the
other face, as illustrated in Figures 15A and 15B. The data of



the belt, through the formng belt 42, to the second face 55 of 48 the

formng belt .42. As used herein "liquid pervious" refers to the condition
where the liquid carrier of a fibrous slurry may be trdngap )

the forming belt 42 wthout significant obstructi cn% {,/&(ﬁ;&ﬁﬁéﬁéﬁn
course, be hel pful or even necessary to 5 agplly a slight

differential pressure to assist in transm ssion of the|lijgupé SEPCURH tihe
formng belt 42 to insure that the formng belt 42 has tre_propgr degree of
pervi ousness. It is not, however, necessary, or even dgsirTed,tTharthe
‘entire surface area of the formng belt 42 be liquid pdqrvious. It 10
Is only necessary that the liquid carrier of 35he fibrous slurry be

- these two figures may:be superimposed, as described below to
determine the thickness of the fibrous structure 20.

If desired, the sample may be marked with three or more

indicia, as described above with respect to the basis weight

5 measurements. Suitable indicia are punched holes. For example,
one such hole appears at coordinate location 2.50, 3.75 of Figures
15A,. 15B 'and 17. : :

The  punched - holes- allow for matching the thicknesses of
various regions 30, 32, 34 and 36 with the basis weights of the

10 same regions 24 26 and 28, providing the same sample is used for
both measurements and moreover to match opposite sides of the same
samplé for and during the following thickness measurements. Since
the soft x-ray image analysis and topographical scanning are
nondestructive tests, this is entirely feasible. .

15 The topographical measurements may be made using a Federal
Products Series 432 profilometer having a Model EAS-2351
amplifier, a Model EPT-01049 breakaway probe, stylus and a flat
horizontal table, sold by the Federal Esterline Company of
Providence, Rhode Island. For the measurements described herein,

20 the stylus had a 2.54 micron (0.0001 inch) radius and a vertical
: force loading of 200 milligrams. The table is planar to 0.2
microns. ’

A sample of the fibrous structure 20 to be measured is placed
on- the horizontal table and any noticeable wrinkles are smoothed.
25 The sample may be held in place with magnetic strips. The sample
is scanned in a square wave pattern at a rate of 60.0 mil)imeters
per minute (2.362 inches per minute) or 1.0 millimeter per second.
The data digitization rate converts 20 data points per millimeter,
so that a reading is taken every 50 microns.

30 " The sample is traced 30 millimeters in one direction, then
manually indexed while in motion 0.1 millimeters (0.004 inches) in
a traverse direction. This process is repeated until the desired
"area of the sample has been scanned. Preferably the trace starts
at one of the punched holes, so registering the isograms of

35 opposite faces, as described below, is more easily accomplished.
' The digitized data are fed into and analyzed by any Fourier
transform analysis package. An analysis package such as Proc



easily renoved fromthe slurry leaving on the first face 53 of the formng

belt 42 an enbryonic fibrous structure 20 of the depo

3 .
formng belt 42 is also fiber retentive. As used here nﬁﬁ;’gﬁbtﬁ?ﬁf SHE

conponent

deposi ted

is considered "fiber retentive" if such cofppnent retains p
majority of the fibers deposited thereon in a nmacroscgp c&@;&&?pﬂﬂ_ﬁtem
pattern or geonetry, without regard to the orientatioph pr dispositionfo

any particular fiber. O course, it is not expected {hat—a fTPberTeren
conponent wi [l

ned
f
[ive
br s

retain one hundred pergent "of the fib

necessary that the fibers be retained on the formng belt 42, or other
fiber retentive corSpecteatnadeoby SAPeof dotimdeton ,mbew ufeirsey das bden found to

al low the steps of yolie W1PCESthe! Polifer 2iratyAst 8F i bachC FIR Gr%he fibrous
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structure 20, as illustrated in Figures' 16A and 16B, displays the
pitch of ‘the nonrandom repeating pattern apparent on that face.

For example, the Fourier transforms of Figures 16A, 16B and
18 show pitches (represented as peaks in the graphs of these
Figures). of the occurrences per millimeters listed in- Table V
below. For ease of comparison, Table V also gives the values of
the pitches of Figure 18, discussed below.

Jable V

Fig. 16A " Fig. 168 Fig. 18
0.117 0.156 0.156
0.352 0.234 0.234
0.469 - 0.301 0.391
0.625 0.625 0.625
0.859 . 0.859 0.859
1.250 1.133 1.132
1.406 1.250 1.250
1.523 1.445 1.406
1.758 1.719 1.523

These pitches correspond to the size and ‘distribution of the
different regions 30, 32, 34 and 36 in the nonrandom repeating
pattern. 'Knohing the pitches and sizes of the different regions
30, 32, 34 and 36 simplifies the other analyses specified
hereunder. because the person conducting the tests knows the scale
of the size of the regions 30, 32, 34 and 36 and the spacing of
such regions 30, 32, 34 and 36.

The thicknesses of the regions 30, 32, 34 and 36 may be
determined by digitally superimposing the two isograms, using the
indicia to assure registration. Various single line tracings may
be utilized to ascertain when registry is achieved, although it is
to be recognized some trial and error may be necessary, due to the

thereon (particularly as the quug carrier of the fibers drains

away from such conponent) nor that such retention be permanent. It-is only

to



The formng belt 42 (or any other formng elenent) nust also be able to act
cooperatively with the means for applying a differential pressure to

sel ected portions of the fibrous slurry. This cooperati ¢npassl ey

formng the fibrous structures 20, 30 _ describ dmaﬁmﬁ\ﬁﬁf@a

| east three intensively distinguishable regions 24, 26 ang 28 as J
-

‘illTustrated in Figure 2; or at least four intensively dfs i@uisgpalggg
regions 30, 32, 34 and 36 as illustrated in Figures 3A pnd 3B. Thus, t
form ng-belt 42, when used in cooperation with the bal anhcé ofthe
apparatus, should also be able to induce nonrandom redular patterned ,
differences in the basis weight or density of3% he fi brous structure 20
al t hough, as discussed bel ow, such patterned differences may be i nduced by

discrete nature of and finite distance between tracings. The
superimposed data are then digitally subtracted. The difference
between the isobasic data and isobathic data represent the
thickness of the sample at ‘the location. Since thickness is

5 . determined by the relative separation of the two surfaces, it does
not matter which data are used as the minuend and subtrahend,
because- the absolute value of the difference represents the
thickness. -

~ The thickness data may be plotted as isopachs, as illustrated .

10 in Figure 17, to allow visual determination of whether or not a

. nonrandom repeating pattern is. present. Of course, the isopachs
may also be analyzed by a Fourier transform, as illustrated in
Figure 18 and tabulated in Table V_above. ‘The peaks at the
pitches illustrated in Table V strongly indicate the presence of a

15 nonrandom repeating pattern. S

' Another method to determine the thickness of various regions
30, 32, 34 and 36 of a sample of the fibrous structure 20 is by
utilizing a stereoscan microscope. Any microscope capable of
quantifying the elevational ‘dimension of a structure, while

20 viewing the structure normal to its plane may be used. A suitable
-microscope is a Cambridge 3-D Model 360 stereoscan électron
microscope, made by the Leica Company, of Chicago, .I11inois.
A specially designed microscope stub is selected, having a
recessed center circumscribed by a planar annular perimeter. The

25 . recess prevents altering the center of the sample from which the
following thicknesses are measured. The sample is mounted on the
stub, by applying conductive adhesive to only the'perimeter of the
top surface of the stub, avoiding any contact or placement of the
conductive adhesive with the center recess.

30 The tissue web is gently placed on the egposed_snrface of the
adhesive and pressed in place. Care should be taken to keep the
sample flat, wrinkle free, and parallel to the toh planar annulus
of the microscope stub. Two sample mountings are required for
each thickness determination. The first sample is mounted with

a5 one side oriented upwards, and the second sample is mounted with
the corresponding side of the sample downwardly oriented.




49 ot her conponents of the apparatus used in the nanufacturing process as
well. As used herein an "enbryonic fibrous structure"” of fibers refers to
fibers deposited onto the formng belt 42 and which ares easi|y

deformed in the Z-direction and which may, and nost lik IﬁEP&AeEMENTSISHEﬁb

i n and throughout a high percentage of the liquid carri

the enbryonic fibrous structure 20 at a consistency of pb u?5?§@?;%§§
about 35 percent the deposited fibers are nore conpliant} a e Si
deflected in"the 10 Z-direction. Referring agpintao Figure 6
formng belt 42 may be thought of as having reinforcipg structure 57 and
a patterned array of protuberances 59 joined In face to

t.he relnforC|ng structure 57 to define the two nutually opposed faces
The sample should be visually scanned on the microscope to

make a coarse identification of the number of unique nonrandom
regularly repeating thicknesses. Each identified thickness should
then be quantitatively determined.

5 An exemplary case, illustrated by Figure 4, has four regions
of varying thickness, which are designated (AB), (CD), (EF) and
(GH). To determine. the four relevant thicknesses (AB), (cCD),
(EF), and (GH), one takes the sample having the first side
oriented upwards and determines the elevational position of points

10 B, D, F, and H relative to the top'plaqar annulus of the stub. It

: - will be understood that the planar annulus of the stub is
coincident with the elevational position of points A and E. This
step may be accomplished using the 3-dimensional capabilities of
the microscope. Using the other sample, having the corresponding

15 surface downwardly oriénted, the elevational position of pbinfs G

: and C, relative to the elevational pos1tion of either point Aor E
is determined.
The two preceding steps are repeated for at'least ten (or .
more 1if necessarry to assure statistical significance) unique

20 sites at each region, and all like data are averaged. It is not
necessary to look ‘at exactly the same site on each surface.
Instead random selection of the ten (or more) sites on each of the
samples will. .promote. representative characterization of the
samples. .

25 _ The thickness of each region is given by the relative
difference in elevational position of vertically registered points
from the planar annulus and may be determined by subtracting the

- elevational positions noted above. For example, the thickness at
(AB) is found by subtracting the elevational position of point A

30 from the _elevational position of point B. Similarly, the
thickness at (EF) is found by subtracting the elevational position
of point E from the elevational position of point F.

The thickness at (CD) is found by subtracting the elevational
position- of point A from the elevational position of point D (from

35 the first sample). From this value is subtracted the value of the
elevational position of point C minus the elevational position of
point A (from the second sample). Similarly, the thickness at




15 _ 53 and 55. The reinforcing structure 57 may conprise a

f oram nous el enent, such as a woven screen or other

I . apertufe
The reinforcing structure 57 is substantially |iquid pervigu H&ﬁﬁgﬁgﬁgﬁﬁng

the protuberances 59 in the desired patterns. A suitable |

illustrated, or of any other 25

macr oscopi cal | 'y
the form ng belt
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From this value 1s subtracted the value of the elevational

position of point H minus the elevational position of point E
(from the second sample).

"If it is not desired to use a stereoscan microscope, the

‘determination.of the. thickness of various regions of the sample

may be made by confocal laser scanning microscopy. Confocal laser
scanning microscopy may be made using any confocal scanning

of am nous
reinforcing structure 57.is a screen having a nesh size 20 26 SEP 4996
about 6 to about 50 filaments per centimeter (15.2 to 127(fflaments per
inch) as seen in the plan view, although it is to be recoghi Z&g that warp
filament.s are often stacked, doubling the filament count |specified
-above. The openings between the filanggts may be generally square, as’
. sired cross-section. - The
filaments nay be fornmed of polyneric strands, woven or nonwoven fabrics.
One face 55 of thqeheiisf fiuRd g Sibtrsdtine the dTeyatienAAs pevitial bf point E
"gg@&#ﬁ@%'ieﬂ@%gﬁmﬁmsﬁ SEoiRL QIR tRE BRI CaipeR, 3 Of

microscope capable of measuring the dimension normal to the plane .

of the sample. A Phoibos 1000 Model microscope made by Sarastro
Inc., of Ypsilanti, Michigan, should be suitable for this purpose.

Using the Sarastro Confocal Scanning Microscope, a sample
measuring approximately 2 centimeters by approximately 6
centimeters of the fibrous structure 20 is placed on top of a
glass microscope slide. The microscope slide is placed under the
objective lens and viewed under relatively low magnification
(approximately 40x). This magnification enlarges the field of
view sufficient that the number of surface features is maximized.
When viewing at this lower magnification, one should focus on the
uppermost portion of the sample.

Preferably, by utilizing the fine focus adjustment of the
microscope and the Z axis reading displayed on the monitor of the
microscope, the microscope stage is lowered approximately 100
micrometers. The optical image output of the microscope is
transferred from the oculars to the optical bench. . This transfer
changes the image output from the eyes of the operator to the
detector of the microscope.

With the microscope computer, the step size and number of
sections is now input. For the samples illustrated in Figures
1-3B, a step size of about 40 micrometers and a number of 20
sections have been found suitable. These parameters result in thé
acquisition of 20 optical XY slices at an interval of 40
micrometers, for a total depth of 800 micrometers normal to the
plane of the sample.

Such settings allow optical sections to be acquired from
slightly above the top surface of the sample of the fibrous




30 face of the formng belt 42 is often referred

backside of the form ng belt 42 and, as noted above, contag

of the bal ance of the apparatus enployed i n a paper maki ng
opposi ng and outwardly oriented face 53 of the reinforcing
may be referred to as the 35 fi ber-cont
the formng belt 42, because the fibrous slurry, discussed
deposited onto this face 53 of the form ng belt 42. 50
array of. protuberances 59 joined to the reinforcing stru
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Lt ure 57

preferably conpri ses I ndi vi dual protuberﬁpces 59 | oi ned

extendi ng outwardly from proxinal
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structure 20, to slightly below the bottom surface of the samplé
of the fibrous structure. It will be apparent to one skilled in .
the art, that if higher resdolution is desired, a smaller step size
and a larger number of steps is required. .

Using these settings, one begins the scanning process. The
computer of the microscope will acquire the desired number of XY
slices. at the desired interval. The digitized data from each
slice is stored in the memory of the microscope.

To obtain the measurements of interest, each: slice is viewed
on the computer monitor to determine which slice offers the most
representative view of the features of interest, particularly the
thickness of the sample. While viewing the slice of the sample
which best illustrates the various thickness of the sample, a line
is drawn through the region 30, 32, 34 or 36 of interest of a
sample similar to that illustrated in Figure 2. The XY function
of the microscope is utilized so that a cross sectional view of
the line is displayed. This cross sectional view is made up of
all of the slices taken of the sample.

To measure the thickness, two Z axis points of interest are
entered. For example, to measure the thickness of a region 30,
32, 34 or 36, the two points would be entered, one on each opposed
surface of the sample.

If one does not desire to use a stereoscan microscope or a
confocal laser scanning microscope to determine the thickness of
the sample, reference microtomes may be made to determine the

- thickness of the sample. To determine the differential thickness

of the fibrous structure 20 using reference microtomes, a sample
measuring about 2.54 centimeters by 5.1 centimeters (1 inch by 2
inches) is provided and stapled onto a rigid cardboard holder.
The cardboard holder is placed in a silicon mold. A mixture of
six parts Versamid resin, four parts Epon 812 resin and 3 parts of
1,1,1-trichloroethane are mixed in a beaker. The resin mixture is

. placed in a low speed vacuum desiccator and the bubbles removed.

The mixture is then poured into the silicon mold with the
cardboard sample holder so that the sample is thoroughly wetted

‘and immersed in the mixture. The sample is cured for at least 12



el evation 53a of the outwardly oriented face 53 of the reinforcing 5
structure 57 as illustrated in Figure 7. The protuberances 59 are al so
considered to be fiber contacting, because the patterned array of

prot uberances 59 receives, and i ndeed may be covered by, hREFﬁLNEEMENTSSHEEW
as it is deposited upon the formng belt 42. The protuber es

NGges—s9—+ay
joined to the reinforcing 10 structure 57 in an 3?n :¥%6
with a particularly preferred manner being joining a pluralift CTi
protuberances 59 to the reinforcing structure’ 57 as a bafch_process

I ncor porating a hardenabl e pol yneric phot osensi tive resin - rather
t han.individually joining each protuberance 89 of the pat
of protuberances to the reinforcing structure 57. The patterned

r Rni pul at i a nmass
o nerai 15 ) 33?2@““%%'“ P ke latonld) e ST Bl 1,
conti guous with andthe &‘%C%a?“i]do?“dtw cardboard holder removed from the sample.

The sample is marked with a reference point to accurately
determine where subsequent measurements are taken. Preferably,

5 the same reference point is utilized in both the plan view and
various sectional views of the sample.of the fibrous structure 20.

A resolution guide may be utilized to mark the reference
point. The resolution guide may be genera]ly planar and laid on
top of the sample prior.to resin curing and/or photographing. A

10 resolution guide having contrasting indicia radiating outwardly -
and, preferably, tangentially expanding is suitable. A #1-T
resolution guide made by Stouffer Graphic Arts EQuipment Co. of
South Bend, Indiana has been found particularly well suited for
this purpose. The resolution guide is overlaid on the sample and,

15 - preferably, oriented so that the major axes of the indicia are
aligned with the edges of the samp1e or with any pattern apparent
in the sampie.

The sample is placed in a mode] 860 microtome sold by the
American Optical Company of Buffalo, New York and leveled. The

20 edge of the sample is removed from the sample, in slices, by the
microtome until a smooth surface appears.

A sufficient number of slices are removed from the sample, so
that the various.regions 30, 32, 34 and 36 may be accurately
reconstructed. For the embodiment described herein, slices having

25 a thickness of about 100 microns per slice are taken from the
smooth surface. At least about 10 to 20 slices are required, so
that differences in the thickness of the fibrous structure 20 may
be ascertained. .

Three to four samples made by the microtome are mounted in

30 series on a slide using oil and a cover slip. The slide and the

~ sample are mounted in a light transmission microscope and observed
at about 40x magnification. Pictures are taken to reconstruct the
profile of this slice until all 10 to 20 slices,'in series, are
photographed. By observing the individual photographs of the

a5 microtome, differences in thickness may be ascertained as a

profile of the topography of the fibrous structure is
- reconstructed. By knowing the relative basis weight at the




protuberances 59 and at |east partially surrounds the reinforcing 20

structure 57 in contacting relationship, as illustrated in Figure 7. The
patterned array of protuberances 59 should be situated so—that _a pluralit
into which fibers of the fibrous slurry
the Z-direction fromthe free ends 25 53b of
el evation 53a of the outwardly oriente
reinforcing structure 57. This arrangenent provides a

the formng bBelt 42 and allows for the liquid carrier

flow to the reinforcing structure 57 (or other frameworfk to which the 30
patterned array of protuberances 59 is joined®, where t

of conduits,

to the proxi mal
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from the reference point and the differences in thickness,
qualitative differences in density may be ascertained.

" The differences in thickness between regions 30, 32, 34 and
36 may be easily established by photographing any representative
slice of the sample with a scale superimposed on the field.
Comparing the scale to the extremes of the sample at each
outwardly oriented face of the fibrous structure 20, the thickness
of the regions 30, 32, 34 or 36 under consideration is readily
ascertained. By photographing the sample and resolution guide in
the plan view, the orientation and one of width or spacing of the
indicia at any location on the sample can be found and matched
with the microtomes, to ascertain the particular region 30, 32, 34

~or 36 for which a thickness measurement was made. The refereﬁce

guide may also be utilized with the aforementioned soft X-ray
procedure, so that precise determination of the regions 30, 32, 34
or 36, under consideration in the thickness measurement, is
possible in place of the fibrous structure.

Alternatively, thickness differences may be-ascertained using
the stereoscan microscope in accordance with the teachings of any
of -the following articles: - A Dynamic Real Time 3-D Measurement
Technique for IC- Inspection by Breton, et.al., published in
Microelectronic Enginegring (541-545 1986); Integrated Circuit
Metrology, Inspection and Process Control by Breton, et. al.

published in the Proceedings of SPIE-International Society for .

Optical Engineering (Vol. 775, March, 1987); or Real time 3D SEM
imaging and measurement technique by Breton et. al., published in
the European Journal of Cell Biology (Vol. 48, Supp. 25 1989),
which articles are incorporated herein by reference for the
purpose of showing alternative techniques for ascértaining
thickness differences.

A technique. for determining relative differences in density
between various regions 30, 32, 34 and 36 of the fibrous structure
is to utilize two other known intensive properties. Particularly,
the ratio of the basis weight of the high basis weight regions 34
and 36 to the basis weight of the low basis weight regions 30 and
32 can be found as described above. Similarly, the ratio of the



spaced so that |large scale weak spots in the essentially 35
continuous network 24 of the fibrous structure 20 are not _f
adj acent protuberances 59 are conduits through whi chgty

may drain to the reinforcing structure 57. 51 Morég
pr ot uberances 59 are distributed in a predeterm ned,
repeati ng pattern - so that the essentially contj

uniformy 5°* distributes applied tensile
the fibrous structure 20. Most preferably, t he

are bilaterally staggered in an array, so tha43 adj acent | ow basi's

thicknesses .of the high basis weight regions 34 and 36 to the
thickness of the low basis weight regions can be found as
described above. '
Thus, it will be apparent to -one skilled in the art that the
5 ratio of the basis weights divided by the ratio of the thicknesses
will yield the ratio of the densities between the high density
regions 28 and the low density regions 24 and 26, providing the
fibrous structure 20 is prepared in accordance with the teachings
of this invention. Algebraically this may be expressed as:
10 _ Density = Basis Weight/Thickness '
Ry = Basis Weight of the High Basis Weight Reqions 34 and 36
Basis Weight of the Low Basis Weight Regions 26
where Rpy is the ratio of the basis weights. Similarly,

_ RT = Thickness of the Hich Basis Weight Regions 34 and 36
15 Thickness of the Low Basis Weight Regions 26

wherein RT is the ratio of the thicknesses of the high basis

weight regions 34 and 36 to the low basis weight regions 30 and
32. Therefore,

RA = RpW/RT
20 wherein Ry is the ratio of the densities of the high basis weight
regions 34 and 36 to the density of the low basis weight regions
30 and 32.
It will be apparent to one skilled in the art that if the
basis weight is held constant, the ratio of the thicknesses will
25 " be identical to the ratio of the“densities for any particular
- regions 30, 32, 34 or 36. Thus, if one can establish that the
regions 30, 32, 34 and 36 are of constant basis weight, by merely
establishing the ratio of the thicknesses, as described above, one
can at the same time establish the ratio of the densities, Ry. If
30 this ratio, Rp, 1is less than 0.75 or greater than 1.33, the
densities vary by more than 25%
PROJECTED AVERAGE PORE SIZE
To quantify relative differences in projected average pore
size, ‘a -Nikon stereomicroscope, model SMZ-2T sold by the Nikon
35 Company, of New York, New York may be used in conjunction with a
C-mounted Dage MTI model NC-70 video camera. The image from the
microscope may be stereoscopically viewed through the oculars or



wei ght regions 26 in the resulting fibrous structure 20 are not aligned

with either principal
be applied. As illustrated in Figure 7,

direction to which tensile | oading-10

may

t he upstandi ng protuberances 59 are

~joined at their proxinmal ends to the outwardly oriented
reinforcing structure 57 and extend away fromthis face

REPLACEMENT SPEET -

or free end 53b which defines the furthest 15

variation of the patterned array of protuberances 59 fro
oriented face 53 of the reinforcing structure 57. Thus,
oriented face 53 of the forming belt 42 is defined at t

tnhogonal

t he 'outwardly

| ~y Lot

he, gusERN99ey

vat Tt UllS.

The proximal elevation of the outwardly ori¥nted face 5
surface of the 20

is defined by th

ends 53a of the prmmgrﬁﬂw& dmensidhs) 6 2eGmphki ,ﬁsai'tal.o THECaHNGg iftdge

course, any materigl Ol theyP'QRSRCIALES 25 the' Sicrsstops WaY Sbet dfgitized -

reinforcing :
by a video card made by Data Translation of Marlboro,
Massachusetts and analyzed on a MacIintosh IIx computer made by the
Apple Computer Co. of Cupertino, California. Suitable software
for the digitization and analysis 1is IMAGE, version 1.31,
available from the National Institute of Health, in MWashington,
D.C. : o : _

The sample is viewed through the oculars, using stereoscopic

capapi1ities of the microscope to determine areas of the sample
- wherein the fibers are substantially within the plane of the
~sample and other areas of the -sample which have fibers deflected
normal to the plane of the sample. It may be expected that the
areas having fibers deflected normal to the plane of the .sample
will be of lower density than the areas having fibers which lie
principa]]y within the plane of the sample. Two areas, one
representative of each of the aforementioned fiber distributions,
should be selected for further analysis. '

For the user’s convenience in identifying the areas of the
sample of interest, a hand held opaque mask, having a transparent
window slightly larger than the area to be analyzed, may be used.
The sample is disposed with an area of interest centered on the
microscope stage. The mask is placed over the sample so that the
transparent window 1is centered- and captures the area to be

- analyzed. This area and the window are then centered on the
monitor. The mask should be removed so that: any translucent
qualities of the window do not offset the analysis.

While the sample is on the microscope stage, the backlighting
is adjusted so that relatively fine fibers become visible. The
threshold gray levels are determined and set to coincide with the
smaller sized capillaries. A total of 256 gray levels, as
described above, has been found to work well, with 0 representing
a totally white appearance, and 255 representing a totally black
appearance. For the samples described herein, threshold gray

levels of approximately 0 to 125 have been found to work well in
the detection of the capillaries.
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structure 57 upon solidification. The distal elevation of the outmardly
oriented face 53 is defined by the free ends 53b of the 25
patterned array of protuberances 59. The opposed and i nward 6
face 55 of the formng belt 42 is defined by the othe E@ERCEMENTh@
reinforcing structure 57, taking into account, of coufsg—aRy-TTHLErI a

t he protuberances 59 whi ch surrounds the rei nforC| ng $t uctgﬁéi 09800
solidification, which face is 30 opposite the di28ctton of gxtient
of the p;otuberances 59. The protuberances 59 nay ext

pl ane of the formng belt 42, outwardly fromthe proxijm elevatlon of
outwardly oriented face 53 of t he relnforC|nQ5structur- be
mllimeters (occlusions in the openings between fllanents) to 35

bout 1.3 mllineters n f u
?n IO:J| oo " té\eﬁPPTrhgt S’B@?ﬁ ?eﬁ@@l!e}i i‘m G5 Onok? btic?o]%P ?Y]'i%gza JFirst, i on,

a nore nearly const B‘ggIege%tﬁm?e*qcﬁc@ﬁyiéﬁmﬁ B¢ discrete particles and

the presence of undetected fibers represented by gray level
shading. This entire selected area is cut and pasted from the
5 surrounding portion of the sample, using either the mouse or the
perfect square pattern found in the software. The number of
thresholded gray level particles! representing the projection of
capillaries which penetrate through the thickness of the sample,
and the average of their sizes (in units of area) may be easily
10 tabulated using the software. The units of the particle size will
either be in pixels or, if desired, may be micrometer calibrated
to determine the actual surface area of the individual

capillaries.
This procedure is repeated for the second area of interest.
15 The second area is centered on the monitor, then cut and pasted

from the balance of the sample, using the hand-held mask as
desired. Again, the thresholded particies, representing the
. projection of capillaries which penetrate through the thickness of
the sample, are counted and the average of their sizes tabulated.
20 Any difference in the average projected average pore size ‘is
now quantified. If the average size of the particles of the two
areas d1ffers by more than 25%, the intensive properties of the
areas, likewise are considered to vary more than 25%.

25 PAT NATION :
Knowing the size and pitch of different regions 30, 32, 34
and 36 distinguished according to basis weight and thickness (and
hence density or projected average pore size) allows one to
determine whether or not a nonrandom repeating pattern exists in
30 the fibrous structure 20, sufficient to define at least three
different regions 30, 32, 34 and 36. If either the size or pitch
of the thickness and basis weight measurements is different from
the other, at least three regions 30, 32, 34 and 36 are present.
If the size or,pitch are identical, then at 1least three
35 ‘regions 30, 32, 34 and 36 are present, providing the parameters
are not matched in location on the fibrous structure 20, in which
case only two regions 24’ and 26{ are present. Matched location



52 20 results. If it is desired to form an apertured fibrous _
structure 20, or a fibrous structure 20 of relatively high overall basis
wei ght, then protuberances 59 generally extending further_f[on1the pr oxi nal
el evation 53a of the outwardly oriented face 53 of the KE'Eéor%bﬁﬁT §”
structure 57 and having a greater dinension in the Z-di eB ul
utilized. Conversely, if it is desired to-mnimze the (ifiference in baj
wei ghts between adjacent regions of the fibrous gt fucp & SEP 2996
general |y shorter protuberances 59 should be utilized.} 30

The tensile load carrying capability of,.the esserfti‘at-ty—Ttontinuous
network is strongly influenced by the protuberances 59.

[«
J

can typically be determined by visual inspection of the sample
under magnification. If a more accurate or gquantitative
determination is desired, it may be made using the aforementioned
indicia to assure registration.

5 - Of course, it is to be recognized the aforementioned
analytical procedures, are merely suggestions as to what
procedures may be used to identify differences in intensive
properties of a particular fibrous structure .20 under
consideration. It will be recognized by one skilled in the art

10 : other, viable analytical procedures may exist and- the final choice -

’ of which analytical procedure is to be used is best tempered by

matching the state of the art to the particular sample under
consideration. '

15 N THE APPARATUS AND PROCESS
A cellulosic fibrous structure 20 as described above may be
made according to the apparatus illustrated by Figure 5 and the
process comprising the steps of providing a fibrous- slufry,
providing a liquid pervious fiber retentive forming element, which
20 retains the fibers in a substantially planar geometry, providing a
means 44 to deposit the fibrous slurry on the forming element,
providing a means to abply a differential pressure to selected
portions the fibrous slurry in concert with a differential
pressure-cooperating member, and providing a means 50a and/or 50b
25 to dry the fibrous slurry. The process may be carried out using a
suitably modified papermaking machine, having a forming belt 42 as
the liquid pervious fiber retentive forming element. The
deposited fibrous slurry will eventually form one of the
aforementioned cellulosic structures 20 of Figures 2 or 3A and 3B.
30 ~ The provided fibrous slurry comprises an admixture of fibers,
including, as desired, cellulosic and noncellulosic fibers, in a
liguid carrier. Preferably,' but not necessariiy, the 1liquid
carrier is aqueous. The fibers are normally dispersed in a
substantially homogeneous fashion at a consistency of about 0.1
35 percent consistency to about 0.3 percent consistency. As used
herein “"consistency" is the ratio of the weight of dry fibers in
- the system to the total weight of the system multiplied by 100.



The protuberances 59 preferably do not have sharp corners, particularly in
the XY plane, so that stress concentrations in the resulting high basis

wei ght regions 24 and 28 of Figure 2 and 34 15 Al A8BmeNT FaHE
3A and 3B of the fibrous structure 20 are obvi at ed. A -GH
preferred pr ot uber ance 59 i's curvirhonbohedral |y $hépe havi ng a
cross-section which resenbles a rhonbus with radi used cor %b kR A
regard to the cross-sectional area of t he 20 .
protuberances 59, the sides of the protuberances |59 may be
generally nutually parallel and orthogonal the plane of Wheformng-helt
42. Alternatively, the sides of the protuberddnces 59 may be sonmewhat

tapered, yielding a frustroconical shape. It is not necessary that the
pr ot uber ances 59 bﬁso{heu

' hei ght .or that t free, ends
53b of the protuberances%gg{ﬁ ii‘hgr?y%p%?é&ﬁi%le?g?ﬁ]%e"ﬁriﬁfig%m’ ArERS; i on
53a of the outwar d_pyt, _the consistency of the admixture generally increases.
It is to be understood, of course, some fibers, particularly
those of shorter 1length, may be carried through the forming

5 element with the drainage of the liquid carrier and the forﬁing
element is still to be considered fiber retentive. However, this
does not substantially adversely affect this step of the process.
The forming element may comprise perforated films, rolls, or
plates. A particularly preferred forming element is a continuous

10 ~ forming belt 42 illustrated by Figure 6.

If a forming belt 42 is selected for the forming element, the

forming belt 42 has two mutually opposed faces, a first face 53

and a second face 55, as illustrated in Figure 7. The first face

53 is the surface of the forming belt 42 which contacts the fibers

15 of the cellulosic structure 20 being formed. The first face 53
- has been referred to in the art as the paper contacting side of
the forming belt 42. The first face 53 has two topographically

distinct regions 53a and 53b. The regions 53a and 53b are
distinguished by the amount of orthogonal variation from the

20 second and opposite face 55 of the fprming belt 42. Such
orthogonal variation is considered to be in the Z-direction. As
used herein the "Z-direction" refers to the direction away from
and generally orthogonal to the forming belt 42, considering the
forming belt 42 as a planar, two-dimensional structure.

25 The forming belt 42 should be able to withstand all of the
known stresses and operating conditions in which cellulosic,
two-dimensional structures are processed and manufactured. A
particularly preferred forming belt 42 may be made according to
the teachings of U.S. Patent 4,514,345 issued Aprill30, 1985 to

30 Johnson et al., and particularly according to Figure 5 of Johnson

: et al., which patent is incorporated herein by reference for the
purpose of showing a particularly suitable forming element for use

with the present invention and a method of making such forming
element. -

tep

35 , The forming belt 42 4is liquid pervious in at least one
direction, particularly the direction from the first face 53 of
the belt, through the forming belt 42, to the second face 55 of



oriented face 53 of the reinforcing structure 57. If it is desired

I ncorporate nore

fibrous structure 20, it will be clearly 30 I

skilled in the art that this nmay be acconplished by ha\L/m"':i Agélﬁ%
defined by several L
each level yielding a different basis weight than occlir$ in6tSEP ﬂ?ﬁﬁ ops
the fibrous structure 20 defined by the protuberances{59 of the other.

| evel s. 35

a formng belt 42 having an outwardly orient face 53 defined hy nore
two el evati ons by sone other neans, for exang e
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conplex patterns than those illustrated into_th
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Z-directional |evels of upstandi ngjpfotuberances 5

Alternatively, this nay be ot hejwis€ acconpli shed

, having uniform

the forming belt 42. As used herein "liquid pervious" refers to
the condition where the liquid carrier of a fibrous siurry may be
transmitted through the forming belt 42 without significant
obstruction. It may, of course, be helpful or even necessary to
apply a slight differential pressure to assist in transmission of.
the liquid through the forming belt 42 to insure that the forming
belt 42 has the proper degree of perviousness.

It is not, however, necessary, or even desired, that the-
entire surface area of the forming belt 42 be Tiquid pervious. It
is only necessary that the liquid carrier of the fibrous slurry be -
easily removed from the slurry leaving on the first face 53 of the
forming belt 42 an embryonic fibrous structure 20 of the deposited
fibers. _

The forming belt 42 is also fiber retentive. As used herein
a component is considered "fiber retentive" if such component
rétains a majority of the fibers deposited thereon in a
macroscopically predetermiﬁgd pattern or geometry, without regard
to the orientation or disposition of any particular fiber. Of
course, it is not expected that a fiber retentive component will
retain one hundred percent of the fibers deposited thereon

"~ (particularly as the 1iquid carrier of the fibers drains away from
- such component) nor that such retention be permanent. It is only

necessary that the fibers be retained on the forming belt 42, or

other fiber retentive component, for -a period of time sufficient

to allow the steps of the process to be satisfactorily completed.
The forming belt 42 (or any other forming element) must also

be able to act cooperatively with the means for applying a

differential pressure to selected portions of the fibrous slurry.
This cooperation assists in forming the fibrous structures 20,
described above, having at least three intensively distinguishable
regions 24, 26 and 28 as illustrated in Figure 2; or at least four
intensively distinguishable regions 30, 32, 34 and 36 as
illustrated in Figures 3A and 3B. Thus, the forming belt 42, when
used in cooperation with the balance of the apparatus, should also

" be able to induce nonrandom, regular patterned differences in the

basis weight or density of the fibrous structure 20, although, as
discussed below, such patterned differences may be induced by

to

of

han



53 sized protuberances 59 joined to a reinforcing structure 57 having a
planarity which significantly varies relative to the Z.di '

t he protuberances 59. The patterned array of protuberlanﬂga_ACEMEN%yS,H
preferably, range in projected surface area, as a perten e~ 0l ( he

g@ 1999 ut

42 to

projected surface area of the formng belt 42, froma mn,i%n$
.percent of the total projected surface area of the forim|ng“be
j 1

maxi nrum of about 80 percent of the projected total surff
formng.belt*42, with the reinforcing structure 57 10 T provi din
‘the bal ance of the projected surface area of the fornibg—bb:t 427" The
contribution of the patterned array of protuB®rances 59 to the total
projected surface area of the formng belt 42 is taken as the aggregate of

the projected area ghopaghyBlatiberanie Thadti" dbat W TR AIAIRREHRG! T O

agai nst and orthogona
g g process as well.

As used herein an "embryonic ‘fibrous structure" of fibers

refers to fibers deposited onto the forming belt 42 and which are
5 _ _ easily deformed in the Z-direction and which may, and most likely

are, dispersed in and throughout a high percentage of the liquid

carrier. By maintaining the embryonic fibrous structure 20 at a

consistency of about 2 percent to about 35 percent, the deposited

fibers are more compliant and more easily deflected in the
10 Z-direction.

Referring again to Figure 6, the forming belt 42 may be
thought of as having a reinforcing structure 57 and a patterned
array of protuberances 59 joined in face to face relation to the
reinforcing structure 57 to define the two mutually opposed faces

15 53 and 55. The reinforcing structure 57 may comprise a foraminous

"~ element, such as a woven screen or other apertured  framework. The

reinforcing structure 57 is substantially liquid pervious and

retains the protuberances 59 in the desired patterns. A suitable

foraminous reinforcing structure 57 is a screen having a mesh size

20 of about 6 to about 50. filaments per centimeter (15.2 to 127

' : filaments per inch) as seen in the plan view, although it is to be

‘recognized that warp filaments are often stacked, doubling the

filament count specified above. The openings between the

filaments may be generally square, as illustrated, or of any other

25 desired_cross-section.--The filaments may be formed of polymeric
strands, woven or nonwoven fabrics.

One face 55 of the reinforcing structure 57 may be
essentially macroscopically monoplanar and comprises the outwardly
oriented face 53 of the forming belt 42. The inwardly oriented

30 . face of the fbrming belt 42 is often referred to as the backside
of the forming belt 42 and, as noted above, contacts at least part
of the balance of the apparatus employed in a papermaking
operation. The opposing and outwardly oriented face 53 of the
reinforcing structure 57 may be referred to as the

a5 fiber-contacting side of the forming belt 42, because the fibrous

slurry, discussed above, is deposited onto this face 53 of the
forming belt 42. ' '




“outwardly oriented face 53 of the reinforcing structure 57. It is to be

recogni zed that as the contribution of the protuberanc

projected. surface area of the forning belt 42 dininisheREPUAGEMENE\SHEEE|
descri bed high basis weight essentially continuous net

fibrous structure 20 20 increases, mnim ziing %H@s et el e
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adj acent protuberances 59 of the proxinmal elevation 53 bg
42 shoul.d be+increased as the Ilength of the fibers increases,-othermﬁseﬁj
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materials. Further, the projected surfac
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fibers may not cover the protuberances 59 and not penetrate-ttEe 25
conduits between adjacent protuberances 5% to the reinforcing structure

57 defined by the projected surface area of the proxinal
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reinforcing structure g% ppre erzbly comprises individual

protuberances 59 joined to and extending outwardly from proximal
elevation 53a of the outwardly oriented face 53 of the reinforcing
structure 57 as illustrated in Figure 7. The protuberances 59 are
also considered to be fiber contacting, because the patterned
array of protuberances 59 receives, and indeed may be covered by,
the fibrous slurry as it is deposited upon the forming belt 42.
The protuberances 59 may be Jjoined to the reinforcing
structure 57 in any known manner, with a particularly preferred
manner being joining a plurality of the protuberances 59 to the
reinforcing structure' 57 as a batch process incorporating a
hardenable. polymeric photosensitive resin - rather than
individually joining eacb protnberance'SS of the patterned array

e

. of protuberances 59 to the reinforcing structure 57. The

patterned array of protuberances 59 1is preferably formed by
manipulating a mass of generally liquid material so that, when
solidified, such material is contiguous with and forms part of the
protuberances 59 and at least partially surrounds the reinforcing

7.

. The patterned array of protuberances 59 should be situated so
that a plurality of conduits, into which fibers of the fibrous
* slurry may deflect, extend in the Z-direction from the free ends
53b of the protuberances 59 to the proximal elevation 53a of the
ouiwardly oriented face 53 of the reinforcing structure 57. This
arrangement provides a defined topography to the forming belt 42
and allows for the liquid carrier and fibers therein to flow to
the reinforcing structure 57 (or other framework to which the
patterned array of protuberances 59 is joined), where the 1iquid
may be drained away and the fibers may be rearranged in response
to later applied differential pressure.

The protuberances 59 are discrete -and preferably regularly
spaced so that large scale weak spots in the essentially
continuous network 24 of the fibrous structure 20 are not formed.
Between adjacent protuberances 59 are conduits through which the
carrier and fibers may drain to the reinforcing structure 57.

structure 57 in contacting relationship, as illustrated in Figure

| t
he

el evation 53a. The



30 monopl anar. As used  herein " ess brRERUAL )
macroscopi cal Iy nonoplanar” refers to the geometry of {h&tormn
when it is placed in a two-dinmensional configuration and |hagé&o8E

tol erabl e deviations from absolute planarity, which dew ations do no

adversely affect the performance of the formng belt 42{iHh
producing cellulosic fibrous structures 20 as descri bed}above a

bel ow. Ei t her

geonetry of the second face 55, ogr aphi-cal

§ #iho)”

or

essentiakly ‘Tacroscopically nonoplanar, S 54 acceptable, so long as
t he topography of the first face 53 of the formng belt 42 is not

interrupted by deviations of |arger magnitudél and the form ng belt 42 can
be used with the process
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More preferably, the protuberances 59 are distributed in a
predetermined, nonrandom, repeating pattern so that the
essentially continuous network 24 of the fibrous structure 20
(which is formed around the protuberances 59) more uniformly
distributes applied tensile 1loading throughout the - fibrous
structure 20. Most preferably, the protuberances 59 are
bilaterally staggered in an array,so that adjacent low basis
weight regions 26 in the resulting fibrous structure 20 are not
aligned with either principal direction to which tensile loading
may be applied. .

As illustrated in Figure 7, the upstanding protuberances 59
are joined at their proximal ends to the qutwdrd]y_oriented face
53 of the reinforcing structure 57 and extend away from this face
53 to a distal or free end 53b which defines the furthest
orthogonal variation of the patterned array of protuberances 59
from the outwardly oriented face 53 of the reinforcing structure
57. Thus, the outwardly oriented face 53 of the forming belt 42
is defined at two elevations. The proximal elevation of the
outwardly oriented face 53 is defined by the surface of the
reinforcing structure 57 to which the proximal ends 53a of the
protuberances 59 are joined, taking into account, of course, any
material of the protuberances 59 which surrounds the reinforcing

" structure 57 upon solidification. The distal elevation of the
outwardly oriented face 53 is defined by the free ends 53b of the
patterned array of protuberances 59. The opposed and inwardly
oriented face 55 of the forming belt 42 is defined by the other
face of the reinforcing structure 57, taking into account, of
course, any material of the protuberances 59 which surrounds the
reinforcing structure 57 upon solidification, which face is
opposite the direction of extent of the protuberances 59.

The protuberances 59 may extend, orthogonal the plane of the

forming belt 42, outwardly from the proximal elevation of the

outwardly oriented face 53 of the reinforcing structure 57 about 0
millimeters (occlusions in the openings between filaments) to
about 1.3 millimeters, and preferably about 0.15 to about 0.25
millimeters. If the protuberances 59 have zero extent in the
Z-direction, a more nearly constant basis weight fibrous structure



steps described herein. The second face 55 of the form ng belt 42 nay
contact the equipnent wused in the process of making the fibreus ?t re
20 and has been referred to in the art as the nmachi ne |H§Pbﬁiﬂﬁﬂif léa

belt 42. Referring again to Figure 5, also provided is)agmeans 44 for
depositing the fibrous slurry onto the |iquid pervious {f P 1996

belt 42, and nore particularly onto the face 53 of the E?EQ Eelt 42
havi ng t he di screte upstandi ng protuberances 59, so thal +e+nforTing
st ruct ure 57 and the protuberances 59 .are conplet Iy covered by
the fibrous slurry wunless a fibrous structure 2Q h&#mg—apertures for
the | ow basi s weight regions 26 15 525 desired, in which case the
t opography defined by the free ends 53b of the protuberances 59 shoul d not

be Cﬁvered with Lhe (ge&%iésed flfb‘iPU%s Jf:é&fi{-éa ? %@ﬂ'b% a@{{ ?&d“@kﬁroﬁfo"‘“
in the art, may be ar\ﬂg{]utrggz%o XHErous .&ructure 28urf’0 re ativ heigﬁ o¥eer[a

types basis weight, then protuberances 59 generally extending further
from the proximal elevation 53a of the outwardly oriented face 53
5 of the'reinforcing §tructure 57.and having a greater dimension in
the Z-direction should be utilized. Conversely, if it is desired
to minimize the difference in basis weights between adjacent
regions of the fibrous structure 20, generally shorter
protuberances 59 should be utilized.
10 The tensile load carrying capability of the essentially
continuous network is strongly influenced by the protuberances 59.
The protuberances 59 preferably do not have sharp corners,
particularly in the XY plane, so that stress concentrations in the
resulting high basis weight regions 24 and 28 of Figure 2 and 34
15 and 36 of Figures 3A and 3B of the fibrous structure 20 are
obviated. A particularly preferred protuberance 59 is
curvirhombohedrally shaped, having a cross-section which resembles
a rhombus with radiused corners.
Without regard to the cross-sectional area of the
20 : protuberances 59, the sides of the protuberances 59 may be
generally mutually parallel and orthogonal the plane of the
forming belt 42. Alternatively, the sides of the protuberances 59
may be somewhat tapered, yielding a frustroconical shape.
It is not necessary that the protuberances 59 be of uniform
25 height or that the free éends 53b of the protuberances 59 be
equally spaced from the proximal elevation 53a of the outwardly
oriented face 53 of the reinforcing structure 57. If it is
desired to incorporate more complex patterns than those
i1lustrated into the fibrous structure 20, it will be clearly’
" 30 understood by one skilled in the art that this may be accomplished
by having a topography defined by several Z-directional levels of
upstanding protuberances 59 - each level yielding a different
basis weight than occurs in the regions of the fibrous structure
20 defined by the protuberances 59 of the other levels.
35 Alternatively, this may be otherwise accomplished by a forming
belt 42 having an outwardly oriented face 53 defined by more than
two elevations by some other means, for example, having uniform




of headboxes 44 are known in -the art, one headbox 44 which has 20

been found to work well is a conventional Fourdrinier headbox 44 which
general ly continuously applies and deposits the fibrous slurry onto the
outwardly oriented face 53 of the formng belt 42. The seans 44 far

depositing the fibrous slurry and the form ng belt 42 #rganmmgngneuamtye to
.one another, so that a 25 general |y consi st eft ' $—t

sturry may be deposited on the formng belt 42 in a copt nﬁgss%?%ss
Al ternatdi vely, the slurry may be deposited on the fornlng t : a
‘batch process. Preferably, the nmeans 44 for depositing

y
onto the pervious formng belt 42 can be regdBated, so|lthat as the rate BO
of differential novenment between the formng belt 42—end—the—deposi-ti
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a planarity which significantly varié% relative ig the Z-direction ’
extent of the protuberances 59.

The patterned array of protuberances 59 may, preferably,
range in projected surface area, as a percentage of the projected
surface area of the forming belt 42, from a minimum of about 20
percent of the total projected surface area of the forming belt 42
to a maximum of about 80 percent of the projected total surface
area of the forming belt 42, with the reinforcing structure 57
providing the balance of the projected surface area of the forming-
belt 42. The contribution of the patterned array of protuberances
59 to the total projected surface area of the forming belt 42 is
taken as the aggregate of the projected area of each protuberance
59 taken at the maximum projection against and orthogonal to
outwardly oriented face 53 of the reinforcing structure 57.

It is to be recognized that as the contribution of the
protuberances 59 to the total projected surface area of the
forming belt 42 diminishes, the previously described high basis
weight essentially continuous network 24 of the fibrous structure
20 increases, minimizing the economic use of raw materials.
Further, the projected surface area between adjacent protuberances
59- of the proximal elevation 53a of the forming belt 42 should be
increased as the length of the fibers increases, otherwise the
fibers may not cover the protuberances 59 and not penetrate the
conduits between adjacent protuberances 59 to the reinforcing
structure 57 defined by the projected surface area of the proximal
elevation 53a.

The 'second face 55 of the forming belt 42 may have a defined
and noticeable topography or may be essentially macroscopically
monoplanar. As used herein “essentially macroscopically
monoplanar” refers to the geometry of the forming belt 42 when it
is placed in a two-dimensional configuration and has only minor
and tolerable deviations from absolute planarity, which deviations
do not adversely affect the performance of the forming belt 42 in
producing cellulosic fibrous structures 20 as described above and
claimed below. Either geometry of the second face S5,
topographical or essentially macroscopically monoplanar, is



Al S0 provi ded

Is a neans 50a and/or 50b for drying the 35

fibrous slurry fromthe enbryonic fibrous structure 20.
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a bl owthrough dryer 50a, and a Yshkee drying drum50b in

acceptable, so long as the topography of the first face 53 of the

forming belt 42 is not interrupted by deviations of Targer
magnitude, and the forming belt 42 can be used with the process
steps described herein. The second face 55 of the forming:belt 42
may contact the equipment used in the process of making the
fibrous structure 20 and has been referred to in the art as the
machine side of the forming belt 42.

Referring again to Figure 5, also provided is a means 44 for
depositing the fibrous slurry onto the liquid pervious forming
belt 42, and more particularly onto the face 53 of thé forming
belt 42 having the discrete upstanding protuberances 59, so that
the relnforc1ng structure 57 and the protuberances 59 are
completely covered by the fibrous slurry unless a fibrous
structure 20 having apertures for the low basis weight regions 26
is desired, in which case the topography defined by the free ends
53b of the protuberances 59 should not be covered with the

~deposited fibrous slurry. A headbox, as is well known in the art,

may be advantageously used for this purpose. While several types
of headboxes 44 are known in the art, one headbox 44 which has
been found to work well is a conventional Fourdrinier headbox 44
which generally continuously applies and deposits the Fibrous
slurry onto the outwardly oriented face 53 of the forming belt 42.

The means 44 for depositing the fibrous slurry and the
forming belt 42 are moved relative to one another, so that a
generally consistent quantity of the slurry may be deposited on
the forming belt 42 in a continuous prdcess. Alternatively, the
slurry may be deposited on the forming belt 42 in a batch process.
Preferably, the means 44 for depositing the fibrous slurry onto
the pervious formin§ belt 42 can be regulated, so that as the rate
of. differential movement between the forming belt 42 and the
depositing means 44 increases or decreases, larger or smaller
quantities of the fibrous slurry may be deposited onto the forming
belt 42 per unit of time, respectively. .

Also provided is a means 50a and/or 50b for drying the
fibrous slurry from the embryonic fibrous structure 20 of fibers
to form a two-dimensional fibrous structure 20 having a
consistency of at least about 90 percent. Any convenient drying
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pressure nmay cause densification or dedensification of the Eéglons 28, SjE

and 36 (Figures 2, 3A and 3B) of the fibrous structure 20, [The glisEPet996t |
pressure may be .applied to the fibrous structure 20 durin ny step in th
process before too nuch of the liquid carrier is drained |awey—amd— 1S

preferably applied while the 15 fibrous structute 20 is still a
enbryoni € fibrous structure 20. If too nmuch of the liquidTarrier is

‘drai ned away before the differential pressure_js applied, the fibers may be
too stiff and not sufficiently conformto the5$opography of the patterned
~array of protuberances 59, thus yielding a fibrous structure 20 that 20
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For example, press felts, thermal hoods, infra-red radiation,
blow-through dryers 50a, and Yankee drying drums 50b, each used
5 alone or in combination, are satisfactory and well known in the
-art. A particularly preferred drying method utilizes a
blow-through dryer 50a, and a Yankee drying drum 50b.in sequence.
Also provided is a means to apply a differential pressure to
selected portions of the fibrous structure 20. The differential
10 pressure may cause densification or dedensification of the regions
28, 32 and 36 (Figures 2, 3A and 3B) of the fibrous structure 20.
The differential pressure may be applied to the fibrous structure
20 during any step in the process before too much of the 1iquid
_ carrier is drained away,. and is preferabiy applied while the
15 fibrous structure 20 is still an embryonic fibrous structure 20.
If too much of the liquid carrier is drained away before the
differential pressure is applied, the fibers may be too stiff and
not sufficiently conform to the topography of the patterned array
of protuberances 59, thus yielding a fibrous structure 20 that
20 does not have the described regions of differing basis weight.
As used herein a "differential pressure" means difference in
‘net force per unit area “across the opposed faces of the
two-dimensional fibrous structure 20 and, preferably, is applied
across the opposed faces 53 and 55 of the forming belt 42. The
és differential pressure is temporarily appiied, and fs not uniform
' across the entire face of the two-dimensional fibrous structure
20. Instead the differential pressure is only applied to selected
regions 28, 32 and 36 (Figures 2, 3A and 3B) of the fibrous
-structure 20. : _
30 It is important that the selected regions 28, 32 and 36
. (Figures 2, 3A and 3B, respectively) of the fibrous structure 20
to which the differentjal pressure is applied are not coincident
the parent regions 24 and 26 (Figure 2); or 30 and 34 (Figure 3A
and 3B)- of the fibrous structure 20 defined by the topographical
35 elevations 53a and 53b of the forming belt 42. More specifically,
such selected regions 28, 32, and 36 should be noncoincident the
topography defined by the two elevations 53a and 53b of the
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differential pressure is tenporarily applied, and is not
entire face of the two-dinensional fibrous structure 20.
differential pressure is only applied to selected region
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structure 20, by being different in either size, pitch, pattern
{or any combination of size, pitch and pattern) to be
noncoincident the topography of the forming belt 42.

For example, if the selected regions 28, 32, and 36 (Figures
2, 3A and 3B) subjected to the differential pressure'are identical
in size to the cross-section of the patterned array of
protuberances 59 at the free ends 53b of the protuberances 59, but
offset in either the machine direction, the cross. machine
direction, or both, the differential pressure will be applied
noncoincident the topographical elevations 53a and 53b set forth
by the forming belt 42. Similarly, if the selected regions 28,
32, and 36 (Figures 2, 3A and 3B) subjected to the differential
pressure are larger than the cross-section of the free ends 53b of
the protuberances 59, such selected regions 28, 32, and 36
(Figures 2, 3A and 3B) will be nonco1ncident the topographlcal
elevations 53a set forth by the forming belt 42.

Of course, it is to be recognized that if the selected
regions 28, 32, and ‘36 (Figures 2, 3A and 3B) subjected--to the
differential pressure are larger in area than the free ends 53b of
the protuberances 59, some overlap of such selected regions 28,
32, and 36 into the essentially continuous network 24 of Figure 2
and the network 34 .of Figures 3A and 3B ‘and into the low basis
weight regions 26 and 32 of Figures 2, 3A and 3B will result.
Such overlap is generally not harmful to the process -described
herein and the structure 20 resulting therefrom. Therefore, no
special steps need be taken to avoid such overlap.

The differential pressure applied to the fibrous structure 20
may be mechanical compression, resulting from Z-directional
interference of rigid members with the two-dimensional fibrous
structure 20. Typically, such Z-directional interference reduces
the thickness and causes densification of the interfered regions
28 to which such differential pressure was selectively applied.
As i1lustrated in Figure 5, one means for applying a compressive,
densifying differential pressure to the selected regions 28, 32,
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~selected regions 28, 32, and 36 (Figures 2, 3A an B) subjected fofjthe
differential pressure are identical in size to thg Cross-section of|the

patterned array of protuberances 59 at the free epds _53b of Ihe
pr ot uberances 59, but
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and 36 (Figures 2, 3A and 3B) of the fibrous structure 20 is
through the patterned array of upstanding protuberances 59.

It will be apparent to one skilled in the art that another

component of the apparatus is necessary to resist the applied

5 differential pressuf'e - otherwise, the fibers to which the

differential pressure is applied may break out of the fibrous

structure 20, leaving undesired holes or tears. A component which

resists the selectively applied differential pressure to cause

densification or dedensification of selected regions 28, 32, and

10 36 (Figures 2, 3A and 3B) of the fibrous structure 20 is referred

to as a differential pressure cooperating member. As described

below, the differential pressure cooperating member may be a

smooth rigid surface, such as may be found on an impression roll

_ . 64, a Yankee dr?ying drum 50b, or may be:another .belt 46 having a
15 defined topography. ' _

As noted above, it 1is important that the differential
pressure be selectively applied to regions 28, 32, and 36 of the
fibrous structure 20 which do not identically correspond to the
parent regions 24 and 26 of Figure 2; or the parent regions 30 and

20 34 of the fibrous structure Zo.of Figures 3A and 3B, which regions
are defined by different basis weights, so that noncoincidence
occurs. To make sure that coincidence does not occur and
noncoincidence. does occur, it may be necessary to transfer the
fibrous structure 20 from the forming belt 42 (or other forming

25 element) onto which the fi!_:\'_'ous slurry was deposited to another

~ component which may act to noncoincidentally selectively apply the
‘differential pressure.

One preferred such component is a secondary belt 46,
illustrated in Figure 4, having vacuum pervious regions 63 and

30 projections 61 wh_ich are not coincident the patterned array of
protuberances 59 of the forming belt 42 on which the fibrous
slurry was deposited, and hence not coincident the regions 24 and
26 of Figure 2; or the regions 30 and 34 of Figures.3A and 3B,
which regions represent the differing basis weights of the

35 embryonic fibrous structure 20. The projections 61 of the
secondary belt 46 may be continuous or discrete and joined to
reinforcing structure 57. The free ends 53b of the projections 61
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dgﬂg%fgégi?oé QFESLEWNrQS¥%h? 28 relative to the circumjacent high

basis weight regions 24 of the two-dimensional fibrous structure
20 of Figure 2.

It will be apparent to one skilled in the art that the Tow
basis weight regions 26 of the fibrous structure 20 which are
registered with the projections 61 of the secondary belt 46 will
not be densified to the same degree as the higher basis weight
regions 28 registered with and corresponding to the high basis
weight regions 24 of the fibrous structure 20, because such lower
basis weight regions 26 have fewer fibers, are more compliant, and -
may therefore deform to the topography set forth by the
projections 61 and the differential pressure cooperating member
without significant densification, rather than be combressed
thereinbetween. ' _

A secondary belt 46 having knuckles on the outwardly oriented
face 53 and formed by overlapping warp and weft fibers, as is well...
known in the art, . produces a pattern of projections 61 against the
fibrous structure 20, which pattern stat{stichlly will not
correspond in size or position to the pattern of low basis weight
regions 26 and 30 of the fibrous structure of Figures 2, 3A and 3B
caused by the protuberances 59 described relative to the first
forming belt 42. A suitable secondary belt 46 for this purpose is
described in U.S. Patent 3,301,746 issued January 31, 1967 to
Sanford et al., which patent is incorporated herein by reference
for showing a suitable differential pressure cooperating member
for use in applying a differential pressure to the two-dimensional
fibrous structure 20. Of course, by making very slight changes in
the size or pitch of the projections 61 of the secondary belt 46,
relative to the size and pitch of the protuberances 59 of the
forming belt 42 onto which the fibrous slurry-was deposited, one
can virtually assure that the patterns will never correspond and
noncoincidence is achieved.

Alternatively, the secondary belt 46 may be made of a

_ patterned array of projections 61, and other suitable framework, -

and reinforcing structure 57 construction, similar or identical to

L i1
t he topographical elevations 53a set forth by the fornijng
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wei ght regions 26 and 32 of Figures 2, 3A and 3B w '
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taken to avoid such overlap. The differential pressure {af
fibrous structure 20 30 may be nechanica
from Z-directional interference of rigid nmepbers w
fibrous structure 20. Typically, such ¥
_interference reduces the thickness and causes densifica
interfered regions 28 to which such differen
applied. 35

conpressive, densifying differenti al

pressure was sel ectively

| al
As illustrated in Figu%g 5, one neans for applying a

that used for the first forming belt 42. 1In yet another
alternative, the projections 61 of the secondary belt 46 may form
an essentially continuous network, as disclosed in U.S. Patent
4,528,239 issued Jh\y 9, 1985 to Trokhan and incorporated herein
by reference for the purpose of showing another secondary belt 46
suitable as a differential pressure cooperating member.

The projections 61 of the secondary belt 46 may be smaller in.

surface area than the upstanding protuberances 59 of the forming
belt 42 (or other forming element) onto which the fibrous slurry
was originally deposited. By having the upstanding projections 61
of the secondary belt 46 smaller in surface area than the
protuberances 59 of the forming belt 42 (or other forming element)
the discrete densified regions 28 of the fibrous structure 20 of
Figure 2 will 1ikely not bridge fegious of the essentially
continuous network 24 maintaining flexibility.. Alternatively, if
the projections 61 of the secondary belt 46 are larger in surface
area than the protuberances 59 of the first forming belt 42,
larger densified regions 28 may be expected, ‘and a fibrous
structure 20 having greater tensile strength is typically formed
at the loss of flexibility.

Similarly, the pitch of the projections 61 of the secondary
belt 46 should be less than the pitch of the protuberances 59 of
the forming belt 42 or other forming element. If the pitch of the
projections 61 of the secondary belt 46 is less than the pitch of
the protuberances 59 of the fokhing belt 42 or other forming
element, a more closely spaced pattern of densified regions 28
results and a generally higher tensile strength fibrous structure
20 is formed. It is generally not desired that the entire high
basis weight essentially continuous network 24 of the fibrous
structure 20 be densified, as this results in a stiffer, less
absorbent fibrous structure 20. . . |

The fibrous structure 20 may be directly transferred from the
forming belt 42 to a secondary belt 46 using conventional and well
known techn{ques. - The secondary belt 46 projections 61 then
compress selected regions 28 of the fibrous structure 20 against
the differential pressure cooperating member. In such an
arrangement, a nip 62 may be defined between an impression roll 64

pressure to the sel ected regions 28,



57 and 36 (Figures 2, 3A and 3B) of the fibrous structure 20 is through the
patterned array of upstanding protuberances 59. It will be apparent to one
skilled in the art that another conponent of the appgratus TS Tecessary to

resist the applied differential pressure - otherw se, fﬁgLWﬁ%@%g'SQEN&nch

the differential pressure is applied may break out of'the T1Ibrous st Ature
20, |eaving undesired holes or tears. A conponent whilch reg SEP 1996
selectively applied differential pressure to cause dgngification or

dedensi fi cati‘on ‘of ‘sel ected regions 28, 32, and-10 36—(Frgtir ¢s 2,

3A and 3B) of the fibrous structure 20 is ref rred tq as a differenti al
pressure cooperating nenber. As described b&o the differentral pressure
cooperating menber nmay be a snooth rigid surface, such as may be found on
an inpression roll & agjuXtdpesed SiosthGueifadenYahkee orying\irte SoB0h$IEE Wl t 46
having a known in the art. The fibrous structure 20 passes through the nip

62 formed between the impression roll 64 and the Yankee drying

drum 50b. In this nip 62, the protuberances of the secondary belt

5 46 compress the regions 28 of the fibrous structure 20 registered .
with the projections 61 against the rigid surface of the Yankee
drying drum 50b, causing such registered regions 28 of the fibrous
structure 20 to be densified.:

Furthermore, the steps of applying a differential pressure to

10 selected regions 28, 32, and 36 of the fibrous structures 20
(Figures 2, 3A and 3B) and the steps of drying the fibrous
structures 20 may be advantageously combined. Particularly, if a
Yankee drying drum 50b is used to dry the fibrous structure 20,

.the surface of the Yankee drying drum 50b may also be utilized to

15 impart a differential pressure to selected regions of the fibrous
structure 20.

To accomplish the application of differential pressure

concurrent with drying, the two-dimensional fibrous structure 20

. is transferred to a secondary belt 46 having a topography

20 different than that of the forming belt 42 onto which the-fibroUs
N slurry was ~originally deposited so that noncoincidence is
achieved. The secondary belt 46 may be Juxtaposed with the Yankee

drying drum 50b to define a nip 62 therebetween. The fibrous

structure 20 is passed. through the nip 62, is compressed in

25 selected regions 28, as - described above, while being transferred
to the Yankee drying drum 50b where drying occurs. -

If the process further comprising the steps of transferring
the two-dimensional fibrous structure 20 to a secondary belt 46,
or other differential pressure cooperating member, is selected,

30 providing again that the topography of such secondary belt 46 does.
not correspond in pattern to the forming belt 42, a four
intensively distinguished region fibrous structure 20 may be
formed, as illustrated in Figures 3A, 3B and 4. This fibrous
structure 20 occurs through the application of a differential

35 - fluid pressure to selected regions 32 and 36 of. the fibrous
structure 20. Instead of the compressive mechanical interference
differential pressure described above, the applied differential
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us reqi ons
imparteg gy air, steam, or some other fluid to the outwardly

oriented face of the two-dimensional fibrous structure 20 while it
is on the forming belt 42.

Alternatively, the fluid pressure may be subatmospheric. If
the fluid pressure is subatmospheric, it may be applied by a
vacuum administered to the fibrous structure 20. The vacuum may

be applied to the inwardly oriented face 55 of the reinforcing

structure 57 of the vacuum pervious regions 63 of the secondary
belt 46, as illustrated in Figure 5. The use of a vacuum box 47,
as is well known in the art, may be satisfactorily employed as a
means to apply a differential fluid pressure to the fibrous
structure 20. Further, the use of a vacuum box 47 for this
purpose advantageously deflects fibers in the embryonic fibrous
structure 20 into conformance with the topography of the secondary
belt 46. : , .

Applying a - differential - fluid pressure, particularly a
subatmospheric fluid: pressure, to selected régions 32 and 36 of
the fibrous structures 20 of Figures 3A and 3B decreases the
density of such regions 32 and 36 by expanding the fibers of the
parent regions 30 and 34, respectively, in the Z-direction. This
step results in a thicker, softer, more absorbent cellulosic
fibrous structure 20. ' o _ : :

As noted above, it is important to apply the differential
pressure to regions 32 and 36 of the two-dimensional fibrous
structure 20 which do not identically correspond to the above
described parent high basis weight regions 34 (or low basis weight
regions 30) so that noncoincidence is maintained. Therefofe, it
may be desirable to transfer the fibrous structure 20 to a
differential pressure cooperating member, such as a secondary belt
46, having vacuum pervious regions 63, such as apertures, which
are not coincident, in at least one of size, pattern, and pitch,
to the parent high and low basis weight regions 30 and 34, noted
above, of the fibrous structure 20. .

The differential fluid pressure is transferred to the fibrous
structure 20 through the noncoincident vacuum pervious regions 63
of the secondary belt 46. Preferably, such vacuum pervious



30 proj ections 61 which are not coincident the patterned array of
protuberances 59 of the formng belt 42 on which the fibrous slurry was
deposi ted, and hence not coincident the regions 24 and—26-—of. Eigure 2: or
the regions 30 and 34 of Figures 3A and 3B, which re |(HE§LA(EBMBI\HSSHEETthe
differing basis weights of the 35 enbryo | IIUIUUu
structure 20. The projections 61 of the second séﬁ‘gsg
continuous or discrete and joined to reinforcing stru h re
ends 53bz of the projections 61 58 may be used to c s§ qelected;
regions 28 of the fibrous structure 20 of Figure 2 against the formng

42, causing densification of such regions 28 ¢elative
hi gh

regions 63 are discrete, so that an essentially continuous network
of low density regions 32 and 36 does not result, and a decrease
in the tensile strength of the fibrous structure 20 can be
obviated. Also such vacuum pervious regions 63 of the belt 46

5 should be disposed in a nonrandom, regular repeating pattern so
that tensile strength variations throughout the fibrous structure
20 are minimized.

If a secondary belt 46 is selected for the differential

pressure cooperating member, it .may be patterned with an
10 essentially discontinuous vacuum impervious network, so“that such
pattern may be.transferred to the four region fibrous structure 20
to be formed, further increasing its tensile strength. If this
further processing step is selected, a very suitable secondary
belt 46 to which the fibrous structure 20 may be transferred is
15 described in U.S. Patent 4,528,239 issued July 9, 1985 to Trokhan,
which patent is incorporated herein by reference for the purpose
of showing a particularly suitable vacuum pervious differential
pressure cooperating member. : ' -

It will be apparent to one skilled in the art that the high

20 basis weight regions 34 and low basis weight'regions 30 of the

: fibrous structure 20 transferred to the secondary belt 46

statistically will not register with the pervious regions in such

secondary belt 46. When a subatmospheric differential fluid

pressure or a positive differential fluid pressure is applied to

2% the fibrous structure 20 while on the secondary belt 46, the

vacuum pervious regions 63 of the secondary belt 46 cbincident

with both the high basis weight regions 36 and low basis weight

regions 32 of the fibrous structure 20 will be subjected to the

differential pressure, causing dedensification of such subjected

30 regions 36 and 32 to occur, as illustrated in the fibrous
structure 20 of Figures 3A and 3B.

- This step results in a four region fibrous structure 20 (even
without the aforementioned step of applying a compressive
differential pressure to selected regions 28 of the fibrous

35 structure 20). Two of the four regions 30 and 32 result from the
low basis weight parent regions 30 of the fibrous structure 20,
ji.e., low basis weight regions 32 subjected to and low basis



basi s wei ght regions 24 of the t wo- di mensi onal fibrous structure 5

20 of Figure 2. It will be apparent to one skilled in the art that the | ow
basi s wei ght regions 26 of the fibrous structure 20 ywhi-ch—are—t-egstered

\xlpluloLCl

with the projections 61 of the secondary belt 46 wil HERLNGEM&@T\SSHEEEd to
t he sane degree as the higher basis weight 10

regi stered with and corresponding to the high basis \wei gl*ﬁ
the fibrous structure 20, because such |ower basis [
fewer fibers, are nore conpliant, and may thereforemxe
t opography set forth by the projections 61 d the diffferential pressu e
cooperating nenber 15 W t hout significant —denstTfiTatiom,
rather than be conpressed thereinbetween. A secondary belt 46 having

knuckl es on t he owevghtdl negiunserstechotacsubitedd té othed selecbively apprlied war p

and weft fibers, afffereNBlal pressure, respectively. Two of the four regions 34
and 36 result from the high basis weight parent regions 34 of the
fibrous structure 20, i.e., high basis weight regions 36 subjected

5 to and high basis weight regions 34 not subjected to the
selectively applied differential pressure, respectively.

It will be apparent to one skilled in the art that multiple
vacuum boxes 47 may be utilized in seriatum to apply different
amounts of differential fluid pressure to the fibrous structure

10 ZQ, so that more than four (e.g., six, eight, etc.) regions of _
differing densities and basis weights may be formed. Of course,
if a fibrous structure 20 having more than two dedensified regions
is to be formed, the fibrous structure 20 must be shifted relative
to the vacuum pervious regions 63 of the secondary belt 46, as for

15 example, by transferrjng the fibrous structure 20 to a different
secondary belt 46. Optionally, the further step of compressing
other selected portions of the fibrous structure 20 may be
employed before or aftér.;he step of applying the differential
fluid pressure to further increase the total number of intensively

20 distinguished regions 30, 32, 34 and 36 in the fibrous structure
20. '

4;

Df
reglons 26 have

Thus, it will be apbérent to one skilled in the art that the
application of differential pressure to selected regions 28, 32,
and 36 of the fibrous- structures 20 of Figures 2, 3A and 3B can
25 result in either discrete or essentially continuous regions of
greater density (region 28) or of lesser density. (regions 32 and
36) than that of the parent regions 24, 30 or 34 subjected to such
differential pressure - dependent upon whether the selectively
applied differential pressure is compressive (such as mechanical
30 interference) or draws the fibers away from the plane of the
fibrous structure 20 (such as a fluid pressure).
1f desired, the apparatus according to the present invention
may further comprise an emulsion roll 66, as shown in Figure 5.
The emulsion roll 66 distributes an effective amount of a chemical
35 compound to either forming belt 42 or, if desired, to the
secondary belt 46 during the process described above. The
chemical compound may act as a release agent to prevent undesired



known in the art, produces a pattern of prOJECtIOHS|F1 agalnst the 20
fibrous structure 20, which pattern statistically w Aot
correspond in size or position to the pattern of |ow basijs R}&PL@@EM'&%@gSH%‘:T
26 and 30 of the fibrous structure of Figures 2, 3A and 3B paused by the
prot uberances 59 described relative to the first form ng pe tgﬂ?ﬁﬁ?‘996
sui tabl e secondary belt 46 for this purpose is 25 déscribed in
U.S. Patent 3,301,746 issued January 31, .1967 to Sanfordjel —
patent i$ incorporated herein by reference for showi ng a guitable

differential pressure cooperating nmenber for use in applyi gdrfterenti al
pressure to the two-di nensional fibrous strufure 20. O course, by meki ng
very slight changes in 30 the size or pitch of the prOJectlons 61

of the SECOHdaFSBQI b}?idheﬁ-ﬁm 6 hRd iFYBroli® &P&tﬁ*@@OWe%@Fhﬁoﬁb I urr
g;ggglb;a(ragncgze cag v‘% Ir%Fuaﬁ%l m@?&ﬂf‘*ﬁ t‘rA?at uﬁ@‘eﬁatﬁ'@r ﬁ@‘ﬁ\ﬁn ‘W é? ¥%spond
and used to depos1t a chemical compound to treat the forming be]t 42
or secondary belt 46 and thereby extend its useful 1life.
5 Preferably, the emulsion is ‘added to the outwardly oriented
topographical faces 53 of the forming belt 42 or secondary belt 46
when such forming belt 42 or secondary belt 46 does not have the
fibrous structure 20 in contact therewith. Typically, this will
occur after the fibrous structure 20 has been transferred from the
10 forming belt 42 to the secondary belt 46, or from the secondary-
: belt 46 to the Yankee drying drum 50b and the forming belt 42 or
the secondary belt 46 is on the return path.
Preferred chemical compounds for emulsions -‘include
compositions containing water, high speed turbine oil known as
15 Regal 0i1 sold by the Texaco 0i1 Company of Houston, Texas under
product number R0 68 Code 702; dimethyl distearyl -
. ammioniumchloride sold by the Sherex Chemical Company,_lnc. of
Rolling Meadows, Illinois as ~ADOGEN TA100; cetyl “alcohoT
manufactured by the Procter & Gamble Company of Cincinnati, Ohio;
20 and an ant1oxidant such as is sold by American Cyanamid of Wayne,
New Jersey as Cyanox 1790. .
Also, if desired, cleaning showers or sprays (not shown) may
" be utilized to cleanse the forming belt 42 and secondary belt 46
of fibers and other residues remaining after the fibrous structure
25 20 is transferred to the Yankee drying drum 50b or so removed from
any forming element and any differential pressure cooperating
member. )
An optional, but  highly preferred step in either
aforementioned process of forming a cellulosic fibrous structure
30 20 having at least three regions 24, 26, and 28 or having four
regions 30, 32, 34, and 36 (Figures 2, 3A and 3B) is
foreshortening the fibrous structure 20 after it is dried. As
used herein, "foreshortening" refers to the step of reducing the
length of the fibrous structure 20 by rearranging the fibers and
g disrupting fiber-to-fiber bonds. Foreshortening may be

accomplished in any of several well known ways, the most common
and preferred being creping.



noncoi nci dence i s achi eved. 35 ' Al ternatively, the

secondary Dbelt

simlar or identical to 59 that wused for the fi .
42. In yet another alternative, the projections 61 ¢f {the Seéﬁg&ﬁéy
46 may form an essentially continuous network, as disclio ed26n$ . S

4,528,239 issued July 9, 1985 to Trokhan and i ncorporatled herein

as a differenti al

secondary belt 46 may be smaller in
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pressure cooperating merrberﬁ.5 The proj

The step of creping may be accomplished in conjunction with
the step of drying, by utilizing the aforementioned Yarkee drying
drum 50b. In the creping operation, the cellulosic fibrous
structure 20 is adhered to a surface, preferably the Yankee drying
drum 50b and then removed from that surface with a doctor blade 68
by the relative movement between the doctor blade 68 and the
surface to which the fibrous structure 20 is adhered. The doctor
blade 68 is oriented with a component orthogonal the direction of
relative movement between the surface and the doctor blade 68, and
is preferably substantially orthogonal thereto.

It will be apparent that several combinations, permutations,
orders and sequences of the foregoing steps, structures and
apparatus are possible, all of which are within the scope of the
claimed invention. For example, two laminae of cellulosic fibrous
structures 20 may be joined in face to face relationship, to form
a two ply cellulosic fibrous laminate. Alternatively, a single

lamina fibrous structure 20 according to the present invention may
" be joined in face to face relationship with a lamina of a fibrous

“structure 20’ according to the prior art (or with a lamina
heretofore unknown) to form a two ply cellulosic fibrous laminate.
A1l such laminates are but variant embodiments of the present
invention. Furthermore, the fibrous structure 20 according to the

present invention may be perforated or cut without departure from
the scope of the appended claims.

- EXAMPLES

Given below are nonlimiting examples of two cellulosic
fibrous structures 20’ and 20. The examples show the basis weight
differences and patterns formed thereby (or absence of patterns)
in a cellulosic fibrous structure -20 according to the present
invention and a cellulosic fibrous structure 20’ according to the
prior art. ' :

Referring to Figure 8, shown is a plan view of a soft X-ray
image of commercially available Bounty brand paper towel
manufactured and sold by The Procter and Gamble Company, of

46 may be made of a patterned array of projecti-ors—Gl,
and ot her suitable framework, and reinforcing structurg

atl et



-surface area than the upstanding protuberances 59 of the formng belt 42
(or other formng element) onto which the fibrous slurry 10
originally deposited. By having the upstanding proje

secondary belt 46 snmaller in surface area than the pr he
formng belt 42 (or other formng el enent) ‘the discretje gilons
28 of the fibrous structure 20 of Figure 2 wll Iikel gifons
of the essentially 15 conti nuous network 24 : _
flexibility. " Alternatively, if the projections 61 of ondary belt}46
are larger in surface area than the protuber@ﬁces 59 o ' ng
belt 42, larger densified regions 28 may e expect a fibrous

structure 20 having greater tensile strength is typlcally formed 20
at the loss of flexifdinhdti, OWiol | Aride, thdipfdreht aloldvie ipdicptec idi Plevertl of
gpe secondary bel t p46; Shaydrds Ofi thed StreD e BfrePizb € LTnohiihabii Oldpshances 59
pattern is not apparent.
The fibrous structure 20’ of Figure 8 has a field of view of
about 8.66 centimeters by 8.66 centimeters (3.41 inches by 3.41
inches) and about 1,048,576 pixels within the field of view. A
total of 1,048,547 nonzero value pixels, 29 zero value pixels,
were present in the field of view. The actual mass of the sample,
determined by weighing, was 0.0573 grams. The calculated mass was
0.0576 grams, yielding an error of 0.5 percent. The average basis
weight was determined to be 10.94 pounds per 2, 880 square feet
_with a standard deviation of 3.1 pounds per 2,880 square feet.
The regression output had 4 degrees of freedom.
Figure 9 is a soft X-ray image of the fibrous structure 20
illustrated in figures 3A and 3B. Note that the nonrandom, .
repeating pattern of the discrete darker low basis weight regions
30 and 32 is apbarent, indicating such low basis weight regions 30
i and 32 have a lower basis weight than the circumjacent high basis
weight regions 34 and 36 which appear principally lighter in
color. - _
The sample of Figure 9 has the same field of view and pixel'
density as the sample of Figure 8. The sample of Figure 9 has a
 actual mass of 0.073 grams, and a calculated mass of 0.072 grams
for an error of less than 2 percent. The high bas¥s weight -
~ regions 34 and 36 of Figure 9 exhibit a total of 52,743 nonzero
_piers,'an average basis weight of 22.2 pounds per 2,880 square
feet, and a standard deviation of 5.3 pounds per- 2,880 square
feet. The low basis weight regions 30 and 32 of Figure 9 exhibit
35,406 nonzero pixels,3an average basis weight of 8.5.pounds per
2,880 square feet and a standard deviation note 3.7 pounds per
square feet. Between the low basis weight regions 30 and 32 and
the high basis weight regions 34 and 36 are transition regions 33,
which regions 33 exhibit a total of 3,128,290 pixels, an average
basis weight of 16.1 pounds per 2,880 square feet (approximately
mid-way between the average basis weights of the low basis weight
regions 30 and 32 and the high basis weight regions 34 and 36) and
a standard deviation of 5.5 pounds per 2,880 square feet.



the formng belt 42 or other formng element. If the pitch of the
projections 61 of the secondary belt 46 is |less than the pitch of,
t he protuberances 59 of the formng belt 42 or o%hef—+0rqugigque t, a

nore cl osely spaced pattern of densified regions 2 BEPIANEMES eneral ly
hi gher tensile strength fibrous structure 20 is florffe
desired that the entire high basis weight essentifal

IyqusEPﬁﬂﬂgs ngt work 24

of the fibrqus 30 . ' structure 20 be densifiged, as this re ts in a
stiffer, :l ess” absorbent fibrous structure 20. The|fk Fucture 20 may
be directly transferred fromthe formng belj, 42 to a second 46
usi ng conventional and well known techni ques. TH condary belt 46
-projections 61 then 35 conpress sel ected regions 28 of the

fibrous structure 20 aBaiiofig tikebasisfwedgitnbf ahe HiGk DABTLwe YR [FRG Tunk B3
nenber . I'n SUChan@'QGafor MWBIB weight' o R THW b8 s AedibRE FeiThYBB 2"
|rrpreSS|0n roll 32, yields a value of 2.6. This ratio is greater than the
approximately 1.33 minimum ratio (25 percent) judged necessary to
5 : determine the presence of a repeating pattern of differences in.
basis weights. A second area of interest (not shown) of the
fibrous structure 20 from which the sample of Figure 9 was taken
shows the high basis weight regions 34 and 36 to have an average
basis weight of 18.2 pounds per 2,880 square feet, the transitions
10 . regions to have a basis weight of 12.9 pounds ﬁer 2,880 square
feet and the low basis weight regions 30 and 32 to have a basis
weight of 5.8 pounds per 2,880 square feet. The ratio of the
average of the basis weights'of the high basis weight regions 34
and 36 to the average of the low basis weight regions 30 and 32
15' in the second area of ‘interest is about 3.2.

It can be seen that the results obtained from either area of
interest of the fibrous structure 20 according to the. present
invention, the area illustrated in Figure 9 or the area not shown,
produces surprisingly close correlation of results for the level

20 of ~precision available in this type of measurement. This
correlation of results lends creditabxlity to the measurement
technique.

Figure 10 is an enlarged plan view of the fibrous structure
20 illustrated in Figure 9. The high density regions 34 and 36
25 and the transition regions 33 between the high density region; 34
and 36 and the low density regions 30 and 32 are both masked.
This masking leaves a very apparent nonrandom, repeating pattern
of low basis weight regions 30 and 32. It can be seen that the
low basis weight regions 30 and 32 are mutually discrete and
30 biaxially staggered. It is not necessary, however, that each low
basis weight region 30 or 32 be generally equivalent in shape to
any other low basis weight region 30 or 32. Furthermore, it is
not necessary that the discrete regions of the fibrous structure
20 -be of low basis weight, only that a nonrandom, repeating
35 pattern be present. '
Figure 11 is an enlarged plan view, s1milar to Figure 10, of
the structure of Figure 9 masking both the low basis weight



60 and a juxtaposed snmooth surface Yankee drying drum 50b, as is well known
in the art. The fibrous structure 20 passes through the nip 62 forned

between the inpression roll 64 and the Yankee drying drum50b. In this nip
62, the protuberances of the secondary belt 5

. . EENPRAsST the
regions 28 of the fibrous structure 20 registered mntd?i%é@%&p+b@t%ens 61
against the rigid surface of the Yankee drying drum pOp, caushng“sucr

regi stered regions 28 of the fibrous structure 20 to}bp Qn SEH HiY6
Furthernere, the steps of applying a differential prgspure to 10

sel ected regions 28, 32, and 36 of the fibraqus strugtures 20 (Figures| 2,
3A and 3B) and the steps of drying the fi brP8us

regions 30 and 32 and the high basis weight regions 34 and 36.
Remaining are the transition regions 33 that divide and separate
the lTow basis weight regions 30 and 32 from the high basis weight
regions 34 and 36. As expected, the transition regions 33
circumscribe the low basis weight regions 30 and 32 and are
distinct from the bilaterally staggered and adjacent transition
regions 33.

Figure 12 is-an enlarged plan view similar to Figures 10 and
11, of the fibrous structure 20 of Figure 9. The low basis weight
regions 30 and 32 and transition regions 33 of Figure 11 have been
masked, leaving a continuous network of high basis weight regions
34 and 36. This Jeaves a very apparent nonrandom,- repeating
pattern of a continuous network of high basis'weight regiohs 34
and 36 having voids where the low basis weight regions 30 and 32
and the transition regions 33 were masked. It is not necessary
that any particular portion of the high basis weight regions 34
and 36 be quantitatively equivalent in basis weight to any other
portion of the high basis weight regiohs 34 and 36, but only that
a nonrandom, repeating pattern occur.

Figure 13 is an enlarged plan view, similar to Figures 10-12,
of the fibrous structure of Figure 9 having the transition regions
33 which divide the low basis weight regions 30 and 32 from the
high basis weight regions 34 and 36 masked. It is apparent that
the generally mutually discrete low basis weight regions 30 and 32
again form the repeating pattern of isolated bilaterally staggered
regions amidst the continuous network of the high basis weight
regions 34 or 36.

Figure 14 is an enlarged plan view similar to Figures 10-13,
of the structure of Figure 9 illustrating all regions 30, 32, 34

- and 36 without ihy masking. While it is apparent that with all
regions 30, 32, 34 and 36 combined, the nonrandom, repeating
pattern is present. The aid of isolating the transition regioﬁé
33 and using the aforémentioned masking steps to separate the low
basis weight regions 30 and 32 from the high basis weight regions
34 and 36 will assist one skilled in the art in determining when a



structurées 20 may be advant ageously conbined. Particularly, if a Yankee
drying drum 50b is used to dry the fibrous structure 20, the surface of the
Yankee drying drum 50b nay also be utilized to 15 '

‘differential pressure to selected regions of the fibr UJ*EEMWQ\{T;S%ET To
acconplish the application of differential pressure cogncdurrent wth drjyijng,
‘t he two-dinensional fibrous structure 20 is transferried 2& S&P ¥86orlddry
belt” 46 having a topography 20 di fferent} tjhan that of tHe
formng belt 42 onto which the fibrous slurry was orfiginalty depositdd
so that noncoincidence is achieved. The secondary belt 46 may be
j uxt aposed with the Yankee drying drum 50b t&9%define a nip 62 therebetween.
The fibrous structure 20 is passed through the nip 62, is conpressed in 25

sel ected regi ons 28nonandd@S CebOfR4 red.to,the
Yankee drying drum 50b N egryl P]%ltﬁg‘égern"‘@ééu?s RAitRh ttﬁ@nﬁfb%us structure |
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If the process further conprising the steps of transferring the

t wo- di nensi onal fibrous structure 20 to a secondary belt 46, or other
differential pressure cooperating nenber, is selected, 30

provi ding again that the topograpby of such secondary belt'ﬂﬁ-dees not
correspond in pattern-te—ttad geell hg belt 42, a four |i Nrens Wl SHreT

di stingui shed reorﬂ“sfSHﬁEo tructiure 20 may be for , as iTTustrajed in
Fi gures 3A, 3B and 4. RERLB 0 structure 20 occprp tzhe gugh. %A; :
appl i cat+ on of a lal 35 fluid prepsure 10 sel te
regi ons 32~and—86~e%—%he—+rbfous structure 20. Insgte Ssive
mechani cal i nt rential pressure descrlibed above, the agplied
di fferenti a||||||| Hﬁ | 70

* .C

CLAIMS:

1. A single lamina cellulosic fibrous structure comprising at Teast
three regions, said three regions disposed in a nonrandom, repeating
pattern and being distinguished from each other by at least one
intensive property, and preferably characterized in that said
intensive properties are selected from the group consisting of basis
weight,. density, and projected average pore size, and more
preferably characterized in that said basis weight or density of at

least one region is at least 25 percent different than said basis
weight or density of another region.

2. A three region cellulosic fibrous structure comprising:

an essentially continuous network of fibers, said
network having a first basis weight and a first density;

a first nonrandom, repeating pattern of discrete regions
dispersed throughout said essentially continuous network,
said dispersed discrete regions having a basis weight at
‘least 25 percent less than said first basis weight of said
continuous network or a density at least 25 percent less
than said first density of said continuous network; and

a second nonrandom, repeating pattern of densified
regions dispensed throughout said essentially comtinuous
network, and having a density at least 25 percent -greater
than said first density of the balance of said essentially
continuous network, and preferably characterized in that
said essentially continuous network and said densified
regions have generally mutually equivalent basis weights,
and more preferably characterized in that said second
pattern of densified .regions comprises regions having
"mechanically compressed fibers.

-
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pressure may be a fluid pressure, such as a positive pressure inparted by

air, steam or sone other fluid to t ted face of the
t wo- di mensi onal fibrous structure 20 mgm Igllﬂmlme fnr_m ng belt 42. 5
Alternatively, the fluid pressure nay be Subtat fospheti c. REPEEEE

d
pressure is subatnDspherlc it may be applied by a vacuum|a “:“.chgﬁﬁdsﬁﬁgr
the fibrous structure 20

: nc VECHUN applied to the inwardl
oriented face 55 of the r EE@ 'é‘glty%:ﬁ e 57 of the v c;urﬁéesgf?d'l%
regi ons 63 of- the secondary 10 REHJWED beltl 46, as illusfrated in Figure

5. The use of a vacuum boX Z7, as |s mell known in the ajt, may be
satisfactorily enpl oyed as a neans apply a differental—Ifluid
pressure to the fibrous structure 20 71 Further, the use of a vacuum box
47 for this purpose advantageously defl ects flbers in the enbryonic fibrous
15 St r hcprocess206f ipnoducingos imghe & anding heel) el ois bp I begul ystofic tuhe

secondary comprising three regions, said process comprising the steps of:

providing a fibrous slurry; '

providing a liquid pervious fiber retentive forming
element having mutually opposed first and second faces,
said first face having two distinct topographical regions,
said topographical regions orthogonally varying in
elevation from said second face;

providing a means to deposit said fibrous slurry on sald
forming element;

providing a means to apply a differential pressure to
selected portions of said fibrous slurry;

providing a means to dry said fibrous slurry;

depositing said fibrous slurry onto said forming element
in two intensively distinct regions registered with said
topography of said forming element;

selectively applying a differential pressure to said
fibrous slurry to form three intensively distinct regions;
and

drying said fibrous slurry to a cellulosic fibrous
struc;ure.

4. The process according to Claim 3 characterized in that said dif-
ferential pressure is applied to selected regions of said fibrous
slurry not coincident with said two distinct topographical regions
of said forming element, and preferably characterized in that said
step of applying a differential pressure to regions of said fibrous
slurry comprises the step of mechanically compressing the fibers of
selected regions of said fibrous slurry, and more preferably
characterized in that said step of mechanically compressing said
fibers comprises the steps of:

transferring said fibrous slurry from said forming
element to a differential pressure cooperafing member

-
ect Has Been Replaced
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belt 46. Applying a different“‘T fTuid pressure, particularly a

subat nospheric fluid pressure, a‘a 32 and 36 of the fibrous
~structures 20 of Figures 3A and SH mu lnﬂll 0 , density of
such regions 32 and 36 by expanding the ¥ier$ of th REPL%@EMEEF'S?‘!EETB’) and

34, respectively, in the Z-direction. This step result° H-c4cet
softer, nore absorbent

_ structure 20. noé q% e} it
i's inportant to apply tHeTHid fSHEEE HASIBER : r ss&bes R Wi ong 32
and 36 of the two-di mengi onal REPiADEPUS stiucture 20 whijch do _not :

identically correspond t bed parent jhi gh basis weight
regions 34 (or |ow basis weight regions 630) so that ,

mai nt ai ned. Therefore, it nmay be desirable to transfer the fibrous

structure 20 to a 30 differential pressure cquerath% n?er
such as a secondary be| t having projections not coincident said topog phica

regions of said forming element; and

compressing said fibrous slurry between said projections
and a rigid surface to impért mechanical compression to
said selected portions of said fibrous slurry.

5. A single lamina cellulosic fibrous structure comprising four regions
disposed in a nonrandom, repeating pattern: '
two adjacent relatively high basis weight regions. each hav1ng
a first, generally mutually equivalent basis weight;
a first relatively high basis weight region,
said first relatively high basis weight region having
a first density;
a second relatively high basis weight region,
having a density at least 25 percent less than said
first density of said first relatively high basis
weight; _
two adjacent relatively low basis weight regions, each having a
second, generally mutudlly equivalent basis weight at least 25
percent less than said first basis weight of said relatively
high basis weight regions;
a first relatively low basis weight region having a first
density; and
a second relatively low basis weight region having a
density at least 25 percent less than said- first
density of said first relatively low basis weight
region. '

6. A fibrous structure acéording to Claim 5 characterized in that said
second relatively high basis weight region has a greater thickness
~than said first relatively high basis weight region, and said second
relatively low basis weight region has a greater thickness than said
first relatively Jow basis weight region, and preferably
characterized in that said first relatively high basis weight region

This Sheet Has Been Replaced
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46, having !@guuﬂLpﬁLMLous_LegLons 63, such as apertures, which are not
coincident, in at |east one size, pattern, and pitch, to the parent high

e o o AR =205 o i

fl uild gﬁ%ﬂﬁ |
transferred to thé fibrous structure 20 t hrough the ndn Ranp, Jﬁﬂ §g§ﬂhr
. pervious regions 63 of the : 6. Pr df 4r abl y such
vacuum pervi ous 62 regi ohTHISISKEET HAS BEENd, so thdt |an2 6sSER(I996 |

conti nuous nétwork of |ow de sity AEPUAGEDS 32 gnd 36 dqeq not result, @n
decrease in the tensile stre 's structjure 20 can be

obviated. Al so such vacuum pervious reg%Pns 63 of thetbelt. 46

=)

. —
o

has a greater thickness than said second relatively low basis weight
region and more preferably characterized . in that said first

relatively high basis weight region is an essentially continuous
network.

7. A process for forming a cellulosic fibrous structure having four
identifiable regions, two relatively high basis weight regions and
two relatively low basis weight regions, said process comprising the
steps of:

providing a fibrous slurry;

providing a liquid pervious fiber retentive forming
element having mutually opposed first and second faces,
said first face having two distinct topographical regions,

~ said topographical regions orthogonally varying from the

second face; ’

providing a means to deposit said fibrous siurry on said
forming element;

providing a means to app1y a differentijal pressure to selected
portions of said fibrous slurry;

providing a means to dry said fibrous slurry;

depositing said fibrous slurry onto said forming element
so that both said topographical regions of said forming
element receive deposition of said fibrous slurry;

applying a differential pressure to dedensify selected
regions of said fibrous slurry, said selected regions
being noncoincident said topographical regions of said
forming element; and

drying said fibrous slurry to form a cellulosic fibrous
structure.

8. The process according to Claim 7 characterized in that said dif-
ferential pressure is applied by a fluid pressure to selected
regions of said fibrous s]urfy, and preferably characterized in that
said differential pressure is a vacuum.
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5 shoul d be disposed in a nonrandon1 regul ar. repeatlno -fEﬁ £rn
so that tenp riations throughout the fibrou ‘.ugﬁg O\are
m ni m zed. nm'm"ﬂum mumel t 46 is selected for the 'P{E"eﬁm
cooper ati ng*nefber, "t Smay be patterned with an 10 esse
di sconti nuous vacuum i npervi ous net worKk, so that such |

transferred to the four regio Tﬁ@o 20 to\b

increasing its tensile strength Jﬁﬂgh er proceks\ ng

sel ected; a very suitable sec ndar QG to i 5

20 may be transferred is 15 described in U S \Pater , ,

I ssued . July 9, 1985 to Trokhan, which patent is incorporated herein by

reference for the purpose of show ng a76articularly sui t abl e vacuum

pervious differential pressure cooperating nmenber. It will be apparent to
one skilled i% t#fe agparatysaffor Hfermingha cellulosic fibrous structure having at

least three regions disposed in a regular repeating pattern and
distinguished from each other by intensive properties, said
apparatus comprising: '

a liquid pervious fiber retentive forming element,
having two distinct topographical regions;

a means for depositing a fibrous slurry on said forming
element; '

a means for applying a differential pressure to selected
regions of said fibrous slurry noncoincident with said
topographical regions of said forming element;-

a differential pressure cooperating member; and

a means for drying said fibrous slurry, and preferably
characterized in that said forming element is an endless
belt, and more preferably characterized in that said

~ differential pressure cooperating member has “vacuum

. pervious regions noncoincident said topographical regions
of said forming element, and most preférably characterized
in that said differential pressure cooperating member is a
second endless belt. '

10; An apparatus aécording to Claim 9 characterized in that sajd means
for applying a differential pressure is a first endless belt having
a p]ural1ty of upstanding protuberances thereon.
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20 basi s wei ght regigns 34 and | ow basis wei . 1 pf
TREPLACEMENT ST

fibrous structure 20 transferrepgoshits ﬁﬁs:qmgﬁry bel t {4 St H
' | quch setohdary belt 4

will not registér with the perjvious [

When a subat nospheric di ffer\ein.t..i_aJ_RrgsgAﬁbfi predsure o 6i§ER 4996
differential fluid pressure-is applied t@525 the fibrous
structure 20 while on the secondary belt 46, the vacuuth pervious regi onsi63
of the secondary belt 46 coincident with both the highlbasis weight regions
36 and | ew basis wei ght regions 32 ofABSERAIDT ous structure 20 will be
subjected to the differential pressure, causing dedensification of such
subj ected 30 regions 36 and 32 to occur, as illustrated

four regi on 11 SERLULOSICTERIRODS SPRUCTVRES HAVING RAICLEAST Yegquee” 17, @

four region fi

a!?p' %’ihng aconpr REGIONY DISTENGUISHED BYSINEENSIVE PROPERTIEScANNs 28
(0] e | Or ous . .
APPARATUS FOR AND METHOD OF MAKING SUCH CELLULOSIC

FIBROUS STRUCTURES

U

s 28t bt et O

fard

Disclosed is a cellulosic fibrous structure, such as paper. The fibrous
structure has at least three intensively distinct regions. The regions are
distinguished from one another by intensive properties such as basis weight,
density and projected average pore size, or thickness. In one embodiment, the
fibrous structure has region§ of two basis weights, a high basis weight region and
a low basis weight region. The high' basis weight region is further subdivided into
low and density regions so that a fibrous structure having three regions is
produces. Also disclosed is an appd¥atus and process for making the fibrous
structuré, having three, four, and more regions. The process is similar to known
papermaking techniques, but comprises the additional steps of applying a-
differential pressure to selected regions of the fibrous structure which are not
coincident with the regions of the fibrous structure defined by the apparatus in
prior steps of the papermaking process. The selective application of noncoincident
differential pressure to selected regions of the fibrous structure may result in

- densification or dedensification of such regions. -
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35 structure 20).
t he | ow basis wei ght parent

reqions 30

| ow basi s wei ght regi
30 not subjected to t
respectively. Two of
- wei ght -parent regions
wei ght regions 36 sub
regions <34 "not -~sub
pressure, respectivel

 REPCACENENT®

1 \lnl y

SHEE# t

| h four re ns 3
S o6 6P FO8:

e ted 5

J

| 1

ected to

wi |

the se

Two of the'four regions 30 and 32 result from

of the fi b structlJre 20, i.e.,
o and | ow :IH)sss EE T eight regions
dlied differentig 'ésLBEEN
4 and 36 restit 'Emhe hi gh basis
sl structure 20, -i. B AL
to and hig I:--

be—appat

criyel y applijed diffefenti al
glxt& one skiTTé&d II}'LIIU ar-t—tthat

nultlple vacuum boxes 47 may be utilized in seriatumto apply different

20.;-"
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amounts of differential fluid pressure to the fibrous structure 10
20, so that nore than four (e.g., six, eight, etc.) regions of differing
densi ti es and basi s wei ght 5_nay be forned O cour se, it afi-brotrs

structure 20 having nore thapg q,ggsgﬁ ] region REPtkCENENﬁ'osm

1%

fibrous structure 20 nust Ipe shi to thelv TTIT Per VI ous

regi ons 63 of the secondar for 5 23) pe199by
transferring the fibrous structure 20 to a different kekcoftdary beIt 6.
Optional Iy, the further step of conprgiﬁlaa ot her sel bctedpe+t+oens—of { he
fibrous structure 20 may be enpl oyed or after {he.step of applyihg
the differential fluid pressure to further increase thke—tota—Tunber of

i ntensively 20 . di stinguished reqj 34 6 in the
fibrous structure 20.k ) I O ‘ Ki In the art
that the application
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and 36 of the fibrous structures 20 of Figures 2, 3A and 3B can 25
result in either discrete or essentially continuous-regions of greater
density (region 28) or of |esserfyess-{Lregions 32

the parent regions 24, 30 or 34 sﬂﬂ

P SHEET HAS 9EER |di T T dr BEPLAGEL BT

dependent upon whet her the sel eqtivel REPYEped di ff er'ent irat—pressiure
conpressi ve (such-as nechanical 30 —rted fere Cu)éﬂgr draws The.
fibers away fromthe plane of the fibrousgstrgcture 20f (pu -anl%l‘qugui d |

pressure). If desired, the apparatus according to the Jprlesent inventign jmay
further conprise an enmulsion roll 66, as shown in Figyre 5. The éemos+o

roll 66 distributes an effective amount of a chem cal 3 - conpgund
to either formng belt 42 or, if desired, to the secondary
46 during the process described above. The chem cal conpound may act

as a rel ease agent to prevent undesired
19)]
Ye)
_T'—, T T T T T T T e e e e
)

3}
-

A,
JIA\\\.‘ (
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64 adhesion of the fibrous structure 20 to either formng belt 42 or to the

secondary belt 46. Further, the enulsion roll 66 nay

be used to depgsit a

chem cal conpound to treat the f
thereby extend its- useful [i
emulsion is added to the otwarongpAe
t he forn1ng belt 42 or secondary be Ao—-WIRN S
secondary belt 46 does not have the fibrouk/sT®ucture
therewith. Typically, this will occur after the fibro

Ry o o TR e | e

ofe] aphlcal faces 513 of
| n@ &AEP : i
2

in cont act

been transferred fromthe 10 form ng belt 42 to_the seconda+y

belt 46, or fromthe secondary belt 46 to the Yankee

IS ructure 20 haf
y

rying drum 50b and

the form ng belt 42 or the secondary belt - 46 is on the return path.

20
50b

50a

Fig. 5
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Preferred chem cal conpounds for enul si ons i ncl ude conpositions
contai ning water, high speed turbine oil known as 15 R NTHﬁﬂﬁW D |
sold by the Texaco Q| Vo hbs . Texas undér* ?
RGO 68 Code  702; ?F@@t T HASBEENAr yI  ammi odi drchi or i de Sgl
the Sherex Chenical Conpany, | REPLAGEDRoIIifhg Meadowd, | 26.86Bi¥8%6 4
ADOGEN TA100; - .cetyl al cohol man fxlby t he {Prlocter & Ganblg
Conmpany of Cincinnati, Chio; 20 al@ an antj o such as ils

By

5
sold by Anerican Cyanamnmi d of -\Wayne, New Jersey as Cyahox 1790. Alsoi

desired, cleaning showers or sprays (not shown) may be utilized to cl eanse
the formng-belt 42 and secondary belt 46 of fibers and other residues
remai ning after the fibrous structure 25 20 is transferred to

t he Yankee drying drum 50b or so renoved fromany form ng el ement and any
differential pressure cooperating nenjpdr.

53a

59 57 57
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An optional , but hi ghly

af orenent i oned pr.ocess of form
20 having at least‘three regio
32, 34, and 36 (Figures 2f..
fibrous structure 20 after it i

refers to the step of reducing the Ieﬁ&}(f

rearrangi ng the fibers and 35
bonds. -
knomn ways,

26

FIG.
PRIOR ART

8
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the step of drying, by utilizing t he af orenentioned Yankee drying drum

50b. In the creping op§ ulosic fibrous structure 20
is adhered to a surface, prefTé'H&tﬂl'LEETHH\SYBEH\b drying [Spep — uu; '50b .
and then renmoved from t hat qur f acREMLACEDa docfor bl adg BE LAPEMENT, e
nmovenent between the doctor urface §ojwhich the f| o S
structure 20 is adhered. The doct O??rlge 68 is ori ene V2 6ISEP agggropept -
orthogonal the direction of relati enent between|the surface andjthe
doctor bl-ade 88, and 10 ef_erably_ subst gntT arry ortto a
thereto. It will k& ‘ a: er mut at i ons

orders and sequencesy & ey OB goRNe. SR8 " ] nd apparatus are

d invention. For
truct ureszép may

possible, all of wf
exanple, two | am n

"be joined in face ®# osTC
fibrous | am nate. }z
4
=30, 32
34,36
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| am na fibrous structure 20 according to the present invention may be
joined in face to face relationship with a |amna of a flbrous structure
20' according to the prior art (or with a lam na 20 -hefet of ore
unknown) to forma two ply cellulosic fibrous lamnate. Al such |am nates

are but variant enbodi nents he oresent i nventi on.

fibrous structure 20 accordi gTHI& SHEET s nvent i nREm;ACEMEN‘érS‘HEEﬁt d
or cut w thout departure frofthe RESIRG.. O BEﬁE append¢d - LES
Gven betowvare nonliniting —exaqd @8l of fwo cell

structures 20' and 20. The exanplesgﬁpggs basi s [

patterns formed thereby (or absence terns) 30 Ln_a
cellulosic fibrous structure 20 according to the presént invention and
cellulosic fibrous structure 20' according to the .

FIG. I

This Sheet Has Been Replaced

L i




prior art. Referring'to Figure 8, shown is a plan view of a soft X-ray
I mage of connerC|aIIy avai |l abl e Bounty brand paper towel 35
manufactured and’ sold by The Procter and Ganble Cowpanfﬁﬁ’@f

wei ghts within the structure a nonrandom
apparent. The fibrous struct
about 8.66 centineters by 8.
about 1,848,576 pixels w thi

nonzero val ue pixels, 29 zero val ue pXg

Can e |

has a i gl d of view of

@\SSBRE_N. N1 i nche; by 26 SER MG6es

A totfl Jof 1,048, 547

. 66
Cincinnati, Chio. Wile the different colors indicate ]
i i t hi ‘ repeat i ghéﬂjbgﬂ N ?ﬁF,E‘

hnd
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were present in the field of view The actual nmass of the sanple,

determ ned by weighing, was 0.0573 grans. The cal cul ated nass was 0.0576
grams, yielding an error of 0.5 percent. The average basis wei ght was

determ ned to be 10.94 pounds per 2,880 square feet with a standard
deviation of 3.1 pounds per 2,880 square feet. The regression _output

had 4

20 illustrated in figures 3A and 3B. Not e t hat
i ng i £ ‘ Iom1baS|s
I s apparent, indicating such |fow ] Rt I eqgi
| ower basis weight than the ciltcun ggs '
36 which appear principally lighte ‘
the sane field of view and pixel density a
sanple of Figure 9 has a '

np e of Figure 9

10/16

34,36
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actual mass of 0.073 grans, and a cal cul ated mass of 0.072 grans for an
error of less than 2 percent. The high basis weight regions 34 and 36 of

Figure 9 exhibit a total of 52,743 nonzero pixels, .an average basis wei ght
of 22.2 pounds per 2,880 square feet, and a standar et .
pounds per 2,880 square feet. The |ow basis wei ght {|eBERIASEMENESHEED
Figure 9 exhlblt.35 406 nonzero pixels, an average pa§Ts Werght of .
pounds per 2, 880 squar e feet[@u—e Landard devi at i No £ & ¢ 16N

square feet. Between the | oy ba |S§Eﬂé|l-m$t BE n?@ZﬁaﬁnJ%e

basi s wei ght regions 34 and(36 arIéERngEBltlo : i |
exhibit a total of 3,128,290 pixe = ajge basils wei ght of 16.1

per 2,880 square feet (approximtely 11 bet wee ' S

wei ghts of the |ow basis weight regio 4/4“%§nd 32 and the high basis weight
regions 34 and 36) and a standard deviation of 5.5 pounds per 2,880 square
feet.

Fig. I5A

- e

MACHINE DIRECTION

LN - ¥

0.00 ?ALM i\t} W.V? ,ms,. LW N

0.00 375 3 125 . 15.00
CROSS MACHINE DIRECTION

DEVIATION BELOW REFERENCE PLANE —— (025 — 0200
— 02500 —— 0300
ALL DIMENSIONS IN MILLIMETERS  — 0350 — 0.400
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67 Ratioing the basis weight of. the high bésis wei ght regions 34 and 36 to
the basis weight of the |ow basis weight regions 30 and 32, yields a value
of 2.6. This ratio is greater than the approximately 1.33 m ni num

Wk e

BEEN i ons| 3B and 36 to hdvd an
re fleet, 260 SEPr 996 t]i dns
2,880 |square feet ard |t he

regions to have a basis weight of 12.9 pounds
"l ow basis weight regions 30 and 32 to hﬁgi/TE?aSis

15.00 .
11.25.74 7]
.
S
o)
O
g
E.
O
W 7.50
£
=
[
X
o«
3.75
0.00 .
0.00
CROSS MACHINE DIRECTION
; , —— 0.025 — 0.200
DEVIATION ABOVE REFERENCE PLANE — e 0:300
— 0.350 —— 0400

ALL DIMENSIONS IN MILLIMETERS
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wei ght of 5.8 pounds per 2,880 square feet. The ratio of the average of

the basis weights of the hlgh basis weight regions 34 and 36 to the average

of the | ow basi&*Wei-ght regions 30 and 32 15 othe=second:=area

of interest is about 3.2. It can be seen that the resuItREPbmmEransm'dm

ei ther area of interest of theffi re 20 adcqgrdrmg—to-the
AS FBEEN

present invention, the area il ustr 9 orj t r sRoun,
produces surprisi ngl y cl ose cor el at'l E(B’hA@fD resulfts for thezz’eSEPn@gb
asur erfe This

of precissiony available in this typ?
t0-t he nmeaqur enent techni que.

=

correlation of results | ends creditabil

Figure 10 is an enlarged plan view of the fibrous structure—26—t+t+tstr
in Figure 9. The high density regions 34 and 36 25 and the
transition regions 33 between the high density regions 34 and 36 and the
"l ow density regions 30 and 32 are both nmasked.

H#ed

0.19 | - B
0.18-} |
0.17-4
0.16
0.15- “
0.14- "
0.13-
0.12-
0.11::]
0.10-]
0.094
0.08 4 \Wv

0.074
0.06 -}
0.05-
0.04
0.03
0.02-
0.01
0°00_.I_llllllllllllﬁllillIl‘—f
0 1 2 3 4 5 6 7 8 9 1o
FREQUENCY (OCCURRENCES/MILLIMETER) |

Fig. 16A

AMPLITUDE MILLIMETERS

Sheet Has Been Replaced I

R e




This masking | eaves a very apparent nonrandom repeating pattern of |ow
basis wei ght regions-30 and 32. It can be seen that the |ow basis melght
regions 30 and 32 are-nutually discrete and 30 _bi axially: -
staggered. It is not necessary T oweue that each | qwpp eitght -regi on
30 or 32 be generally equivale _ T ot her LOEE%%%IS wei ght.

tthe di screte rfglons

region 30 or 32. Furthernore,
of the fibrous structure 20 be of wei ght, ol y t2étSia rgyg apdpm
an enl arged pla

repeatquﬁ - pattern be pres zj*
view, sinilar to Figure 10, of the stru 9 maskimg—bot# the
| ow basi s wei ght 68 '

rl of Figur
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regions 30 and 32 and the high basis weight regions 34 and 36. Renmi ni ng
are the transition regions 33 that divide and separate the | ow basis wei ght
regions 30 and 32 fromthe high basis weight regions 34 and 36. As
expected, the transition regions 33 circunscribe Lght
regi ons 30 and 32 and are di s] iTRR! chFmm-the_bi | at er al{l \REBLAGEMENTASHERY
. > 1 BE| enl arjgga—ptrarrview=shmll ar
to Figures 10 and 11, of the %k ' re 20 of Flgu 1four
basi s weiight Fegi ons 30 and 32 and t r anstt+ Jegi ond 3 g? g?@'@ée have
been masked, |eaving a continuous net hi gh ba<is s|34
and 36. This | eaves a very apparent n/ andom repeatlng pattern ¢f a
continuous network of high basis weight regions 34 ang 36 tavimnyg—votes
where the | ow basis weight regions 30 and 32 and the transition regions 33
wer e masked. It is not necessary

MACHINE DIRECTION

CROSS MACHINE DIRECTION

THICKNESS IN MILLIMETERS —— 0.200 —  0.250

— 0300 ——
—— 0200 —— 9332

ALL DIMENSIONS IN MILLIMETERS
-_

This Sheet Has Been R
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that any particular portion of the high basis weight regions 34 and 36 be
quantitatively equivalent in basis weight to any other portion of the high
basi s wei ght regions 34 and 3¢ onl y that a nonrandom repeating

pattern occur. Figure 13 is a n view, simlf
10-12, of the fibrous struct Wi ng the t aﬁéﬁf‘t‘\ WENE@H@EE
p and 32 ffom the 'hi gh bas

33 which divide the | ow basis i

wei ght regi ans 34 and 36 masked. |t S—apparefit that th ge%esIEIP/"g%
nutual | y d+5tfete | ow basis wei ght regiq fi nd 32 agaj nj formthe
repeating pattern of isolated bllateral‘lﬁ @ered r egi jonS—amdst—the
conti nuous network of the high basis weight regions 34 qr_36. Figure 14 i
an enlarged plan view simlar to Figures 10-13, of the structure of Fgu _
9 illustrating all regions 30, 32, 34 and 36 wi thout any nmasking. Wile it

I's apparent that with all

AMPLITUDE MILLIMETERS

L S N N N T N D B O B B
12345'67891r0

FREQUENCY (OCCURRENCES/MILLIMETER)
Fig. 18
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r:agi ons 30, 32, 34 and 36 conbined, the nonrandom repeating pattern is

+ present.

af orenenti oned maski ng steps to separate e agi s weli g
and 32 fromthe high basis weight regi onsqu;np%%G

The aid of isolating the transition regions 33 aln@EFE}#%%\ﬂ%ﬂrjE

Wi | | as 2 %g
in the art in determ ning when a 69 nonrand regeati ngj p tﬁ arr

within the fibrous structure 20. 5 10 157§0

s
| Qptes?

ABSTRACT

CELLULOSIC FIBROUS STRUCTURES HAVING AT LEAST THREE REGIONS
DISTINGUISHED BY INTENSIVE PROPERTIES, AN APPARATUS FOR AND
A METHOD OF MAKING SUCH CELLULOSIC FIBROUS STRUCTURES

Disclosed is a cellulosic fibrous structure, such as paper.
The fibrous structure has at least three intensively distinct
regions. The regions are distinguished from one another by
intensive properties such as basic weight, density and projected
average pore size, or thickness. In one embodiment, the fibrous
structure has regions of two basis weights, a high basis weight
region and a low basis weight region. The high basis weight
region .is further subdivided into low and high density regions
so that a fibrous structure having three regions is produced.
Also disclosed is an apparatus and process for making the fibrous
structure, having three, four, and more regions. The process is
similar to known papermaking techniques, but comprises the
additional steps of applying a differential pressure to selected
regions of the fibrous structure which are not coincident with
the regions of the fibrous structure defined by the apparatuS'in
prior steps of the papermaking process. The selective
application of noncoincident differential pressure to selected
regions of the fibrous structure may result in densification or
dedensification of such regiomns.

Figure 4 | 24853



25 30 35 REPLACEMENT SHEET 70 CLAI Ms: 1. A single |am na cell ul osi
*fibrous structure (20) conprising at |east three regions, |
regi ons (24, 26,28) being disposed in a nonrandom repeati
bei ng di stingui shed fromeach other by at |east one intenslve
selected fromthe group consisting of basis weight, densit

at least one region is at |least 25 percent different than
or density

/16

20.—-"

FIG |PRIOR ART
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of another region. 2. The fibrous structure (20) according to claiml
sconprising three regions (24, 26, 28), characterized in that it conprises:
- an essentially continuous network (24) of fibers, saire—Retwork—{24)
having a first basis weight and a first density; - a fif r REPLAGENVHENTOBHEET
repeating pattern of discrete regions (26) dispersed throughgut—sete
essentially continuous network (24), said dispersed discrefe rqg}oggn(ﬁﬁa
having a basis weight at |east 25 percent |ess than said fijrgt “basis wei ght
of said continuous network (24) or a density at |east 25 p¢rcent—tess—than
said first density of said continuous network (24); and - a second
nonrandom repeating pattern of densified regions (28) dis
said essentially continuous network (24), and having a density at |east 25
percent greater than said first density of the bal ance of said essentially
continuous network (24). 2/“6




T

3. The fibrous structure (20) according to claim?2, characterized in

that said essentially continuous network (24) and said densified regions_ _
(26, 28) have generally mutually equival ent basis wei ghtfs—Z. -

fi-brous structure (20) according to any of clainms 2 or ,Rgﬂ’eﬁ%r&ii&?géq

that said second pattern of densified regions (28) conpr| SES reglonaﬁaaV'
mechani cal | y conpressed fibers. REPLACEMENT SHEET 71 |5.] 2 6rd&® MY ous
structure (20) according to claiml, characterized int
four regions (30, 32, 34, 36) disposed in a nonrandom r
two adj acent rel atively high basis weight regions (34, @
first, generally nutually equival ent basis weight;

3/16

tlit conprises
p€ating pattern:
), each_having

0)}
n

\\55
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[err] a first relatively high basis weight region (34), said first

relatively high basis weight region having a first density;

a second

relatively high basis weight region (36), having a density at |east 25

percent less than said first density of said first relativel
wei ght; - two adjacent relatively | ow basis weight regions (
havi ng a second, generally nutually equival ent basis wei ght
percent |less than said first basis weight of said relatively
wei ght regions; [err] a.first relatively |ow basis weight r
having a first density; and [err] a4§2g§9d relatively | ow &

REPESERRLT SHeeT

at| | egst 25
o BT 097
egion (30)

asi s wei ght
ald first

region (32) having a density at |east '25 percent |ess than S
density of said first relatively | ow basis wei®ght regi on. 6.

structure (20) according to claim5, cKaracterized in that s
relatively high basis weight region (¢4;¥Da§/g greater thick

first

o
N

50b

50a

Fig. 5

The fi brous
aid second
ness than said




réiatively hi gh basis weight region (34), and said second relatively | ow
- basi s weight region (32) has a greater thickness than said first relati

| ow basis weight region (30). 7. The fi brous structurq ﬁ&gﬁ&QQ@QWFgHEETt
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claim5 or 6, characterized in that said first relatively S.wei-g
region (34) has a greater thickness than said second rel akiVely Iow;mﬁis
wei ght region (32). 8. The fibrous structure (20) accolding@ &dany=¥f |
clains 5, 6 or 7, characterized in that said first relatiyelly high hasis
wei ght region (34) is an essentially, continuous network (24). 9. A
process of producing a single Ianfﬁ | ul osic fibrous sf{iructure (203

conprising three regions (24, 26, 28) according to any of clains 2 to 4,

sai d process conprising the steps of:
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72.pfoviding a fibrous slurry; providing a liquid pervious fiber retentive
sformng el enment (42) having nmutually opposed first (53) ahd-second.(55h)

faces, said first face (53) having two distinct topograpli REPLACEBARNY SHEER.,
53b), said topographical regions (53a, 53b) orthogonally |vagyng—i-i

el evation fromsaid second face (55); providing a neans (|44 a}ﬁ%g&305h§
said fibrous slurry on said formng el enment (42); providijng a means to’
apply a differential pressure to selected portions (28) (f sere~Fbreus
slurry; providing a means (50a, 50b) to dry said fibrous{jslurry; depositing
said fibrous slurry onto said formng el enent (42) in twotntenstyety
distinct regions (53a, 53b) registered with said topography of said formng
el enent (42);

FIG. 8
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selectively applying a differential pressure to said fibrous slurry to form
three intensively distinct regions (24, 26, 28); and dryy#g-satt-fibreus
slurry to a cellulosic fibrous structure (20). 10. Thd BEB&@S&aacc@wﬁEﬁg
to claim9, characterized in that said differential pregqsu
selected regions (28) of said fibrous slurry not coinciden
di stinct topographical regions (53a, 53b) of said formng

R smakophyt
Igﬁ%nts?22¥

The process according to claim9 or 10, characterized int of
applying a differential pressure to regions of said fibrjous slurry
conprises the step of mechanically conpressing the fibers of—setrected
regions (28) of said fibrous slurry. 12. The process according to clai'm
11, characterized in that said step of nechanically conpressing said fibers
conprises the steps of: - transfe /;Eg said fibrous slurry fromsaid
formng elenent (42) to a d|fferent|al d ssure cooper ati ng nenber havi ng

proj ecti ons not

30,32

34,36



coincident wth said topographical regions (53a, 53b) of said form ng

’elenent.(42); and . 73 conpressing.sald flbrous.slurry be ?@ﬁ@#ﬁﬁMﬁ“T %ﬁEET

projections and a rigid surface to inpart nechani cal conpr
sel ected portions (28) of said fibrous -slurry. 13. A progegs r forn&pg
a cellulosic-fibrous structure having four identifiable regi¢n éﬁﬂniﬁ
and 36), two relatively high basis weight regions (34, 36) }|ar
relatively |l ow basis weight regions (30,32) according to apy of clainms 5 to
8, said process being characterized in that it conprises the. steps of: -

providing a fibrous slurry;
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- providing a liquid pervious fiber retentive formng el ement (42)
*having mutual |y opposed first (53) and second (55) faces, said first face

(53) having two distinct topographical regions (53a, 53b),sad - .
t opographi cal regions (53a, 53b) orthogonally varying fro REBLAGIOGHNT S4EET
(55); - providing a neans (44) to deposit said fibrous| sftHy—omrsaid

formng elenent (42); - providing a neans to apply a djf e?qguwﬁﬂ 007
pressure to selected portions (32, 36) of said fibrous slufry; ~-

provi ding a neans (50a, 50b) to dry said fibrous slurry; - deposTTi ng
said fibrous slurry onto said formng elenent (42) so thatjboth said

t opogr aphi cal regions (53a, 53b) of said form ng el enent 2y—TECerve
deposition of said fibrous slurry; - applying a differential pressure
to dedensify selected regions (28, 32, 36) of said fibrous slurry, said
sel ected regions (28, 32, 36)
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bei ng noncoi nci dent with said topographical regions (53a, 53b) of said

<formng elenent (42); and - drying said fibrous slurry

to forma

cellulosic fibrous structure (20). 14. The process accor(
characterized in that said differential pressure is applied
pressure to selected regions (32, 36) of -said fibrous slurn
process according to claim 13 or 14, characterized in that
differential pressure is a vacuum 74 16. Appar at us fdr
cellulosic fibrous structure having at |east three regions

di sposed in a regular repeating pattern and di stingui shed k
by intensive properties according to any of
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clainms 1 to 8, said apparatus conprising: - a liquid pervious fiber

‘retentive formng elenent (42), having two distinct topogrdp] '
(53a, 53b); - a nmeans (44) for depositing a fibrous sl rﬁgﬁﬁﬁpqygggogﬁEET

form ng elenment (42); and being characterized in that it fdrther cor[kprii S:
- a neans for applying a differential pressure to seledted 2&3%% ‘%‘?2,
36) of said fibrous slurry noncoincident with said topographifal reqjons
(53a, 53b) of said formng elenment (42); - a differentifpl pressure
cooperating nmenber; and - a means (50a, 50b) for dryinglsaid fibrous

slurry, and wherein said differential pressure cooperating nenber has
vacuum pervi ous regions (63) noncoincident wth said topographical regions
(53a, 53b) of said formng-elenment (42). 17. The apparatus according to
claim 16, characterized in that said formng
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elenment (42) is a first endless belt. 18. The apparatus according to any
“of clainms 16 or 17, characterized in that said differential _ﬁ§§ﬂ$ﬂﬂﬂ'SHEET
cooperating nenber is a second endl ess belt (46). 19. ThJ—? parai us
according to any one of clainms 16 to 18, characterized in tih S?{d,QF@ﬂﬁ
for applying a differential pressure is a first endl ess belf |42) ﬁ§V|hg'a
plurality of upstandi ng protuberances (59) thereon. '
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CLAIMS:
l'f)—];m?o
1. A single lamina cellulosic fibrous structure (20) comprising at least three regions,

said three regions (24,26,28) being disposed in a nonrandom, repeating pattern

~and being distinguished from each other by at least one intensive property
selected from the group consisting of basis weight, density, and projected
average pore size and characterized in that said basis weight or density of at
least one region is at least 25 percent different than said basis weight or density
of another region. '

2. The fibrous structure (20) according to claim 1 comprising three regions (24, 26,

28), characterized in that it comprises:

- an essentially continuous network (24) of fibers, said netwbrk (24) having
a first basis weight and a first density;

- a first nonrandom, repeating pattern of discrete regions (26) dispersed
throughout said essentially continuous network (24), said dispersed
discrete regions (26) having a basis weight at least 25 percent less than
said first basis weight of said continuous network (24) or a density at least
25 percent less than said first density of said continuous network (24);
and .

- a second nonrandom, repeating pattern of densified regions (28)
dispersed throughout said essentially continuous network (24), and having
a density at least 25 percent greater than said first density of the balance
of said essentially continuous network (24).

3. The fibrous structure (20) according to claim 2, characterized in that said
essentially continuous network (24) and said densified regions (26, 28) have
generally mutually equivalent basis weigﬁts. -

4. The fibrous structure (20) according to any of claims 2 or 3, characterized in that
said second pattern of densified regions (28) comprises regions having
mechanically compressed fibers.
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5. The fibrous structure (20) according to claim 1, chafacterized in Et it comprises

four regioris (30, 32, 34, 36) disposed in a nonrandom, repeating pattern:
- two adjacent relatively high basis weight regions (34, 36), each having a
first, generally mutually equivalenf basis weight;

. a first relatively high basis weight region (34), said first relatively
high basis weight region having a first density;

. a second relatively high basis weight region (36), having a density
at least 25 percent less than said first density of said first relatively
high basis weight; - two adjacent relatively low basis weight
regions (30, 32), each having a secdnd, generally mutually
equivalent basis weight at least 25 percent less than said first
basis weight of said relatively high basis weight regions;

. a first relati\)ely low basis weight region (30) having a first density;
and
. a second relatively low basis weight region (32) having a density at

least 25 percent less than said first density of said first relatively
low basis weight region.

6. The fibrous structure (20) according to claim 5, characterized in that said second
relatively high basis weight region (36) has a greater thickness than said first
relatively high basis weight region (34), and said second relatively low basis
weight region (32) has a greater thickness than said first relatively low basis
weight region (30).

7. The fibrous structure according to claim 5§ or 6, characterized in that said first
relatively high basis weight region (34) has a greater thickness than said second
relatively low basis weight region (32).

8. The fibrous structure (20) according to any of claims 5,-6 or 7, characterized in
that said first relatively high basis weight region (34) is an essentially continuous
network (24). |

9. A process of producing a single lamina cellulosic fibrous structure (20) comprising
three regions (24, 26, 28) according to any of claims 2 to 4, said process
comprising the steps of: '

* .€C L M §. %
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1.

12.
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- prbviding a fibrous slurry;

- providing a liquid pervious fiber retentive forming element (42)
having mutually opposed first (53) and second (55) faces, said first
face (53) having two distinct topographical regions (53a, 53b), said
topographical regions (53a, 53b) orthogonally varying in elevation
from said second face (55);

- providing a means (44) to deposit said fibrous slurry on said
forming element (42);

- providing a means to apply a differential pressure to selected
portions (28) of said fibrous slurry;

- providing a means (50a, 50b) to dry said fibrous slurry;

- depositing said fibrous slurry onto said forming element (42) in two
intensively distinct regions (53a, 53b) registered with said
topography of said forming element (42); '

- selectively applying a differential pressure to said fibrous slurry to
form three intensively distinct regions (24, 26, 28); and

- drying said fibrous slurry to a cellulosic fibrous structure (20).

The process according to claim 9, charécterized in that said differential
pressure is applied to selected regions (28) of said fibrous slurry not
coincident with said two distinct topographical regions (53a, 53b) of said
forming element (42). | '

The process according to claim 9 or 10, characterized in that said step of
applying a differential pressure to regions of said fibrous slurry comprises
the step of mechanically compressing the fibers of selected regions (28)
of said ﬁbroﬁs slurry.

The process according to claim 11, characterized in that said step of

mechanically compressing said fibers comprises the steps of:

- transferring said fibrous slurry from said forming element (42) to a
differential pressure cooperating member having projections not
coincident with said topographical regions (53a, 53b) of said
forming element (42); and |

A
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- compressing said fibrous siurry between saidl projections and a

rigid surface to impart mechanical compression to said selected
portions (28) of said fibrous slurry.

13. A process for forming a cellulosic fibrous structure having four identifiable
regions (30, 32, 34 and 36), two relatively high basis weight regions (34,
36) and two relatively low basis weight regions (30,32) according to any of
claims 5 to 8, said process being characterized in that it comprises the
steps of:

- providing a fibrous slurry;

- providing a liquid pervious fiber retentive forming element (42)
having mutually opposed first (53) and second (55) faces, said first
face (53) having two distinct topographical regions (53a, 53b), said
topographical regions (53a, 53b) orthogonally vérying from the
second face (55);

- providing a means (44) to deposit said fibrous slurry on said
forming element (42);

- providing a means to apply a differential pressure to selected
portions (32, 36) of said fibrous slurry;

- providing a means (50a, 50b) to dry said fibrous slurry; '

- depositing said fibrous slurry onto said forming element (42) so
that both said topographical regions (53a, 53b) of said forming
element (42) receive deposition of said fibrous slurry;

- applying a differential pressure to dedensify selected regions (28,
32, 36) of said fibrous slurry, said selected regions (28, 32, 36)
being noncoincident with said topographical regions (53a, 53b) of
said forming element (42); and

- drying said fibrous siurry to form a cellulosic fibrous structure (20).

14.  The process according to claim 13, characterized in that said differential
pressure is applied by a fluid pressure to selected regions ‘(32, 36) of said
fibrous slurry.

15.  The process according to claim 13 or 14, characterized in that said
differential pressure is a vacuum. '

|y YU



16.

17.

18.

19.
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Apparatus for forming a cellulosic fibrous structure having at least three
regions (24, 26, 28) disposed in a regular repeating pattern and
distinguished from each other by intensive properties according to any of
claims 1 to 8, said apparatus comprising:

- a liquid pervious fiber retentive forming element (42), having two
distinct topographical regions (53a, 53b);

-  a means (44) for depositing a fibrous slurry on said forming
element (42);

and being characterized in that it further comprises:

- a means for applying a differential pressure to selected regions
(32, 36) of said fibrous slurry noncoincident with said topographical
regions (53a, 53b) of said forming element (42);

- a differential pressure cooperating member; and |

- a means (50a, 50b) for drying said fibrous slurry,

and wherein said differential pressure cooperating member has vacuum

pervious regions (63) noncoincident with said topographical regions (53a, .

53b) of said forming element (42). |

The apparatus according to claim 16, characterized in that said forming
element (42) is a first endless belt.

The apparatus according to any of claims 16 or 17, characterized in that

said differential pressure cooperating member is a second endless belt
(46).

The apparatus according to any one of claims 16 to 18, characterized in
that said means for applying a differential pressure is a first endless belt
(42) having a plurality of upstanding protuberances (59) thereon.
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