1 MOUNTI NG METHOD OF STRAI N GAUGES TO MEASURE THREE DI MENSI ONAL LOADS AT
TIP OF A HOLLOW CYLI NDER FIELD OF THE I NVENTI ON 5 The present invention
relates to nethod of nounting strain gauge. More particularly, the present
invention relates to a nethod of nounting a plurality of strain gauges on
a hollow cylinder for neasuring three-dinensional dynam cs |oads acting on
the hollow cylinder in a random nmanner. 10 BACKGROUND OF THE | NVENTI ON I n
structural nonitoring testing, there ig often a need to neasure applied

| oads on the SIOUNTINGMBTHOD erestRAnVARYEs KOWE: Aukeadngek! s have

been devel oped for such 15 neasuring purposes. However, to neasure | oads
appl i ed on speci {PIMENSHNALIOADSAT AP OF AHODLOW GAIHNEERr e needed, as
the precise positioning of the sensors, nmounting nmethod of the sensors,
t he nunber of sensors used critically effected an overall performance of

the | oad nmeasurenent instrunpEEDhIGNTHZONERTOGauge is one of the sensors
used to formvarious load cells that is suggested to be used for the

pur pose of the present invention. Its resistance will change, as it is

deforn}togethqme%&Sgﬂ%n&mﬁgﬁgggbgﬁ’Stﬂ@é%ghﬁwﬂﬁgéggﬁégﬂﬁ%é sed. Such

strain gauge is evel ope roman u allic foi

and i s chaticelatlyythb predest ibvendioh hélates €6 £hRetHodiof modfihg a blurkisty FeRaigoUNt €d
onto a structure erfaC ith special l/&grpfornul at ed 2% adhesives. As a

surface P8R PRAOHavylads fopmersuriag shreerdiaensinaebdmamiesylgpdscatting oo h

stretcheﬁmqbuggngﬂﬁ§§q§aqukmg Jcture transferred to the strain gauge
and reflects in i'ts resistance change, which is in certain relation to the

applliQed | oad. Further, one of the applications of the present invention
was proven to be successf i roviding all _conponents of the
t hr ee-di nensi onal dynani ﬁ%@gﬁ}%@&gﬁg&% HPPENE, rTB‘osi tion.

In structural monitoring testing, there is often a need to measure applied loads on
the structures of interests. Various kinds of load cells have been developed for such
. 15 measuring purposes. However, to measure loads applied on specific structures, specially
tailored methods are needed, as the precise positioning of the sensors, mounting method
of the sensors, the number of sensors used critically effected an overall performance of

the load measurement instrumentation.

.20 Strain gauge is one of the sensors used to form various load cells that is suggested
to be used for the purpose of the present invention. Its resistance will change, as it is
deform together with the bonded to structure, which is stressed. Such strain gauge is
developed from an ultra thin heat-treated metallic foil and is chemically bonded to a thin
dielectric layer. It is then mounted onto a structure surface with specially formulated

25  adhesives. As a surface to which the strain gauge is attached becomes strained, such
stretches or compresses of the structure transferred to the strain gauge and reflects in its
resistance change, which is in certain relation to the applied load. Further, one of the
applications of the present invention was proven to be successfully in providing all

components of the three-dimensional dynamic load with random applied position.
30 o



30 2 Usually, structural analysis is to deduce stresses or strains (being
results) fromapplied | oads (being causes). At liner elasticity, solution
could be straightforward, as results can al ways be obtained by summ ng up
stresses or strains caused by each |load conponent. Conversely, if one is
to deduce causes fromresults, i.e. determ nate applied 5 | oads from
stresses or strains, is could be nore sgphisticated. For exanple of a | oad
measur ement, uSisQalyIRAEHIRN aS ' rj . Jed | t he
situation is, gener a)mé_y conpl iéclg%é% %S? qa@?%%&sgeglok%%lp ?@gétlhg %ngﬁﬂﬁd\%l ves
met hod of 2RAlisdilersisdbeing sanses)d ul lineo alhsticity sokmiva chuldrbesitmabitvtorside b

contri but ] do conpanents, Therefore, how to instrunent a
struct ur e&??)ll?%%%l%elgg%ste&’t%bgam ‘fﬁ%é?@gﬂf‘g UPFHEFERPT Siainscatseshby sachdeathi ned

results, campdenkeQop@istly,of ontEis s dédiiteldfs ' d ol

appl i er;d tl?)r&\e- di mensi onaly dynami ¢ | oads V\hiegﬁ%*eegglég’?%' %%@te%rxélgé%radghﬂedﬁ are
expected PBIHEYR siresses AT siiains, ipcquid be sewresaphistiatedof kil o Newton in a
single direction, randomin an acting direction and position at the tip
zone of a hollow cylinder structure, which was built with various cross

section di mensFarsaniply of diead uicpaeneht, UARRAGSERH strhiBiNdsqh deg¥eh | oad
uirements:  Must cater for

measur i ng, rrg%(lg?d m.{ﬁt satisfy the follow ng req
di  f er ent®PPUSY102d%:the sibitinn isgenerally somplinsiedty “crassttalks efflstie This bwohesne
the " P VA ts., Elin

e " Cr ouSméihbl of BhiRElout RldWlQNquSac?@cﬁg%&%%g% ﬁ%@gﬁm Egg)'tanﬁ% [$VO\I 't

tenperature influences fromstrain gau

i s ahlai mwfipleHeademuponentst Theiefotephad: th @istiumdnda @ﬁ@tht&&o%e?i@gﬁl@(ih@f :

posi tioni t Lal es .on an object for neasuring an applied | oad acting
on it RageRef ﬁﬁ?g’%gﬁ@f%%@%e? biged geslts s the e Dointiod ncaputing thei ng a

pl ural it wpgliedloadd.n gauges on an inner surface of a hollow body having a
first 30 paraneter on a first end and a second paraneter on a second end,
t he net hod operable to

Typically, applied three-dimensional dynamic loads which needed to be measured
15 are expected to have a magnitude up to a several tens of kilo Newton in a single direction,
random in an acting direction and position at the tip zone of a hollow cylinder suuctu£e,

which was built with various cross section dimensions. For the purpose of the present

a

invention, such load measuring method must satisfy the following requirements: -

. Must cater for different load acting point at the tip Zone
20 . Must be able to overcome the “cross-talk™ effect to provide each load components
. Eliminate temperature influences from strain gauge readings
SUMMARY OF INVENTION

It is an aim of the embodiments disclosed herein to provide a method of
positioning strain gauges on an object for measuring an applied ioad acting on it.

According to one aspect there is provided a method of
locating a plurality of strain gauges on an inner surface of a hollow body having a first |
30 | parameter on a first end and a second parameter on a second end, the method operable to

measure load applying on the first end of the hollow body comprising the steps of



measure | oad applying on the first end of the holl ow body conprising the
steps of 3 attaching a plurality of first of strain gauges along a first
parameter path; and attaching a plurality of second of strain gauges and
at |east one third of strain gauge in orthogonal direction of second
paranmeter path. According to another aspect there is provided a nethod of

| ocating a plurality of strain gauges 03 an outer surface of a holl ow body
havi ng a zIthrc . R rag%t(gfr on first end and a second paraneter on a second
end, the fethosd é’g'é‘r"‘ | frgt o pauges glong gdirgt pryatontet hathf andsattaghidgaf t he
hol | ow boslyrati deSdiiDoft 1R ' |urality of first of
strain ggﬂges,qrarﬁ)ng a fiﬁﬁ&%?%gﬁe%%?t%g%tﬁﬁgg@%l (g{:t‘q%aélhgﬂ’bgednf&h%‘ﬂ’ra;ll ity of
second ofdiEcHaR Af geapnd parametat patkast one third of strain gauge in
orthogonal direction of second paraneter path. BRI EF DESCRI PTI ON OF

DRAW NGS 15 Further feature of the present invention will readily be

appar ent from Abeordihgltd ambther aeeat iher HesGidddd fRuRly & non-limtative

example, with reference to the acconpanying drawmng, in which: FIG 1 is a
si'de vi edPEHing aplypliy efatiainigsuses oh an ontevlserfacarfta lnsllopy BSBMNidvitg afilsoner 20

structur ' r_i,n_accaordance with one preferred

enbodi m%ﬂﬁé?étgﬁgép%}rsggfgﬁﬁ# %\g)egcﬁf)flé)ﬁfmﬁ%ﬁ onxa second gy dhe metivgapsebledtet or
r epr esentmegaswe lafd applying en fhd1fixst Bad af BRMHMIBS HF !
orthogonaht‘gﬁ onms on_a right-hand coordi nat g%gglgtrﬂgiﬁgqggs%f}%ﬁ% is a
Cross se Ript PYFRIK Of fisth of Sirpingispzesalong a Fiost gatanmterpaith;aihd BitGrhidg a F1 G

3b i s0a @hagh ] - vin egtaor representation of a
bendi ng g[mm;g'?% %@ggf{&gé?gﬁgéﬁgﬁﬁﬁ:ﬁg&g{ ‘é‘%a%lfﬁiog§“ﬁlf’t%§%%?m&ﬁ%§nent s of
FIG 3a dBectionsf] seconyd pyrameterpath. P, 4

BRIEF DESCRIPTION OF DRAWINGS

15 Further feature of the present invention will readily be apparent from the
following detailed description of a non-limitative example, with reference to the

accompanying drawing, in which:-

FIG. 1 is a side view of a hollow cylinder with a broken section presenting a inner

20 structure of the hollow cylinder in accordance with one preferred embodiment of

the present invention;

FIG. 2 is a diagram showing vector representation of a force P having a bending moment
M, and their orthogonal components on a right-hand coordinate system;
25

'FIG. 3a is a cross section of the hollow cylinder taken along line U-U of FIG. 1;

FIG. 3b is a diagram showing an X-Y plane having vector representation of a bending

moment M reflected in the angle o and its orthogonal components of FIG. 3a
30 resulting by a force P; |



-FIG+ 4a is a cross section of the hollow cylinder taken along line L-L of
FIG 1; and FIG 4b is a diagramshowi ng an X-Y plane having vector
representation of a bending nonment Mreflected in the angle a and its

ort hogonal conponents of FIG 4a 5 resulting by a force P. DETAILED
DESCRI PTI ONS 10 Where the sane reference nuneral appears in nore than one
of the acconpanying drawings, it is used to denote the sane elenent. FIG
| illustrates a side view of a hollow eylinder 100 having a first end 108
and a  sddbnda erucrbOseatiewoing Gollow ey in At Mty 10k ﬂ-b%frrﬁésﬁ%di nventi on.
The first end 108 15 defines a firsf inner diamster Ds and the second end
109 defines a second inner dianeter Dp. A broken portion 101 on the holl ow
cyl i nder F&804% QMg , Nige iewn urpose. The hol.l pw ¢yl i nder
190 1’5 provt dan e RHeEPShobhy WREY Mol RYfoR Kirpafon st s Reiufidea el ong

the upper ci r coorhenteMtrbfitciqbinhhd 43106 AR iistRBbzsil EaRBokAdbLEN8, &
pl ura%ni(ty of second strain gauges 111 nounted al ong an | ower

ci r cunf er ent i AFSYHRFONA Jor99Pof t he i nner surface 102u. The upper and | ower
circunferential paths 112 and 114 having centers of circle (not shown) in
line with a center of circle of the hollow cylinder 100. Preferably, each
of the first and second strain gauges 110 and 111 is a single axial strain

gauge. 25 A flange 105 (bein right end of the hollow-cylinder 100 of
FIG 1) is a load applying g@%ﬂ£ﬂéﬂ35§*%HHBH@3NSSO, denoted as P,
operationally stretching and bending the hollow cylinder 100. Such
stretching and bending will cause deformation of the hollow cylinder 100
and Hence, phy¥harathcunireferncohutieel appairingasigabanldd® ke ddcbmpangihanged.

30/ Each .he ti.rst or second strain gauges 110 or 111 is typically a
stress sg%%%EF%Pfsuﬁﬁﬁnﬁén18%%5@956ﬂ?83§-device for neasuring force acting

on the hollow cylinder 100. 5 Wen the device is energized, a voltage
across the first or second strain gauge 110 or 111 is detected. For
exanpl e, if tKEOfbHksraKpa side yiemof wbolhok kplimdey Il 0 Heving A Birstleiha 108 bed & r st

second end 109 according to one embodiment of the present invention. The first end 108
15 defines a first inner diameter Ds and the second end 109 defines a second inner diameter
Dp. A broken portion 101 on the hollow cylinder 100 is provided for inner viewing
purpose. The hollow cylinder 100 is provided with a plurality of first strain gauges 110
mounted along the upper circumferential path 112 of an inner surface 102u and a
plui'ality of second strain gauges 111 mounted along an lower circumferential path 114
20 ofthe inner surface 102u. The upper and lower circumferential paths 112 and 114 having
centers of circle (not shown) in line with a center of circle of the hollow cylinder 100.
Preferably, each of the first and second strain gauges 110 and 111 is a single axial stréin

gauge.

25 A flange 105 (being the right end of the hollow cylinder 100 of FIG. 1) is a load
applying zone having a force 150, denoted as P, operationally stretching and bending the
hollow cylinder 100. Such stretching and bending will cause deformation of the hollow

cylinder 100 and hence, physical condition of the strain gauges 110 and 111 is changed.

30 Each of the first or second strain gauges 110 or 111 is typically a stress sensor. It

may be connected to a device for measuring force acting on the hollow cylinder 100.



-and second strain gauges 110 and 111 are attached thereon, an elastic
deformation to the hollow cylinder 100 occurs. Such elastic deformation
changes the resistance of the first 5 or second strain gauge 110 or 111,

t hereby changi ng the voltage detected by the device. Based on the voltage
variation, an electrical formof the force 150 may be obtai ned. Method of
positioning the first and second strain gauges 110 and Il wll be
explained later in details. 10 It is greferred that the first strain

gauges i nWheidtheldeViee 5 dridt g1z 968kl i &l eg, 1l
i ncl ude four strai negaugegsi? One of thg?s?iq?és?%g?f%ﬁﬁﬁgﬁﬁa&[{ega%fgq#g)ﬁaéed for
el i m nat ilﬁéaﬁ‘éﬁ%e?@twmmiflth@ﬁnee 1 Mhauts o éhef tanioer dBiQdérs 08pshick eheast he

occurs wibhrReThe R et I0GR 1oF U tehe! ikrohein a6 eBymaiaBio 160, 1 or

whi ch t o hbHoweldytihdatied obeur®bSadh el aRicle kG nAGieH ﬂé@ i Lof gest ed
.thatéhe | ower circunferenti al pathclf4 i's COF(]:fI e%g%qgéit?néet%%ﬁ?ﬁégge 105,

pr ef et abPySecend skan@angast herd 1 2therabaebrnging the voltagd dattctédhg theatewiddp apar t
from t he gag&Psd: l:kewl se, .the upper circunferential path 112 is
| ocated prefer ah%{lg,ltégeg ‘fa}riragl?ﬁ\églnset?%:ﬁ%%ﬁf‘i‘%?ofj@ﬁé?rﬁﬂg‘i"’lﬁ‘é’ﬁt‘@% one Ds
apart fr dfathowbof pasittonémythd Gest andieatond seaint:abBad 110 dndi1$1 il %e%ﬁﬁfaﬁeﬁed that
a distan betdvveeln t he upper and | ower 20 circunferential path 1 and 114,
denot ed FEe(PdetalEi ) {0 have a maxi mum al | owabl e distance apart to attain

an optim zed result of neasurenent. As such, for exanple, the upper
circunferential path 112 is |ocated at Ds fromthe first end 108 and the

| owel0  ci r cundtds preféradd thattthe fiist sirsinl gaogésddciatie BPe @ phliRs 390aRd arNd 109 to
obtai n opf| H%zed resultl .2% C@s shown in FIG 2, a force 150 denoted as P
acting on 3 HEEYn #aUEHd 11 dadidragur straip epugese Ongrofidhe frstrsrapregatigeall 9 isf or ce

conponentised foXeliftbhaBneltcRelil@ M @skndb O %enrtﬁiﬁﬁlg% ?r/(ﬁs; %ﬁ]gl%ebcfé (E{h&nﬁ ému%ma nt M

3-di nentional orthogonal coordi nate system
acting oy linder b9 nesiyain hpplicdeat 168 aineeeh loatl distithe®noetws withi® tHepaeiding ul ar

30 Dend! 5 SIARI oot TR ey et Yoo Ror Which Yo Bdelimidaid o b moss ¢ 52

15 accurate results. It is suggested that the lower circumferential path 114 is configured near
the flange 105, preferably, a second distance 124, denotes as Ly, of at least one Dp apart
from the second end 109. Likewise, the upper circumferential path 112 is located
preferably, a first distance 122, denoted as Lg at least one Ds apé.rt from the first end 108.
Having said that, it is also preferred that a distance between the upper and lower

20 circumferential path 112 and 114, denoted as (L. - L) to have a maximum allowable
distance apart to attain an optimized result of measurement. As such, for example, the
upper circumferential path 112 is located at Ds from the first end 108 and the lower

circumferential path 114 is located at Dp from the second end 109 to obtain optimized

result.

25

As shown in FIG. 2, a force 150 denoted as P acting on a body may be resolved
- into three mutually perpendicular force components, Px, Py and Pz oriented along
respective axes of a 3-dimentional orthogoﬁal coordinate system. Similarly, a bending
moment M acting on the body may also be resolved into three mutually perpendicular

30  bending moment components Mx, My and Mz lying along the axes of the same coordinate



6 system The directions of the conponents corresponding to the axes of a
ri ght-handed coordinate system FIG 3a illustrates a cross sectional view
of the hollow cylinder 100 taken along 5 line U-U (al so the upper
circunferential path 112). Five first strain gauges 110 are attached al ong
the upper circunferential path 112 and orientated in Z direction on the
surface 102u. Four of the five first strain gauges 110 circunferentially in
90 apart from each others. The fifth 6f the first strain gauges 110

(r ef er encestdh5 The dérbetivins ef jher@ynpofents cagehoadipheie ARe ¥eehg@Maninp of the
four first strain uges 110 along the first 1 circum‘eren%lal path 112
and ori efif E@‘?WS%’FFCUM erential direction. FIG 3b illustrates a di agram
showi ng an X-Y plane having vector representation of a bending nonent,
denoted as M reflected in an angle a and its orthogonal conponents of
FIG 3a resul G g3 biflusthees Deross sibEﬁonaEtWerw of tht helldwicslinddrn o0 Pkeaummg 110 15

Iocat ng from each ot e confi ured to detect readings
denot 1 [Eﬁa(r%%&‘ewﬁf%}w 2“?&“? 3t d hede vt l@wt@é@gwezllﬁm@ fifth of

he fi dj
the 11 r Shtt&ih%@'aﬂ) gg&@@%eﬁéécdiﬂfé?érﬂuﬁgpatﬁqt{%&@oﬁ%ﬁgur edz\ﬁﬁ‘o fon OVI @ Jacent

first strain gaug an angle O, Is con e r eadi ng
denot ed &wriace. 102u nFowsyfel fivd fiest Siraintgangascld Ofctantdraltiatly ie 004 grarakang t he

first C|rcm‘ tF h }'rlg\],ﬁlz 20 Sim |l arl FIG 4a illustrates a cross
sect i onaf? rﬁf k“fﬁ ﬂﬁé‘ f fSﬁt’i%l%%ugf@émfratééﬁmmléﬁbeqem@enma}mﬂ so the
| ower ci ElUéH ﬁ{ﬁﬂ{ek@ll)etﬂ@éd 'an]y]t@o ofﬁﬁé’fmﬁtﬁr&'s&?@ Blégge}ol%})]alo fhe %%tached al ong

t he Iovver circunferential path 114 on the s orlentated in Z
di r et i opircupsferangal path 113 ast oriandatedimiéiagmarestidldiregticn X- Y pl ane havi ng
vector representation of a bending noment Mpu, reflected in the angle a
and its orthogonal conponents of FIG 4a resulting by the force 150. Four

of the secondFBGI3b ilugritgasdiddrim HoNiADn XY PRHethaving vector representation

of a bending moment, denoted as M,, reflected in an angle o and its orthogonal

components of FIG. 3a resulting by the force 150. Four of the first strain gauges 110
15 locating 90° apart from each other are configured to detect readings denoting as &y, &,
&3y and &y, in respect of direction Z. The fifth of the first strain gauges 115 locating
‘between the any two of the adjacent first strain gauges 110 with an angle 6, is configured

to provide reading denoted as &r,, in respect of a first circumferential direction along the

first circumferential path 112.

20
y Similarly, FIG. 4a illustrates a cross sectional view of the hollow cylinder 100
taken along line L-L (also the lower circumferential path 114). Four strain gauges 111
are attached along the lower circumferential path 114 on the surface 102L and orientated
in Z direction.
25

FIG. 4b illustrates a diagram showing an X-Y plane having vector representation
of a bending moment Mg, reflected in the angle o and its orthogonal components of FIG.
4a resulting by the force 150. Four of the second strain gauges 111 locating 90° apart

from each others are configured to detect readings denote &5, &, &y and &y in respect of

30 direction Z.



-fromeach others are configured to detect readi ngs denote s1G e2u E31 and
E41 in respect of 30 direction Z. 7 Wth referenced to FIG 3b and FIG
4b, the force 150 may be derived via mathematic algorithm Using the
princi pal of stress or strain, s representing reading from the strain
gauges 110, 111 and 115, can be found using the equations below 1 613 = E
613 + 6T 5 where, ais a stress which may derived from strain gauge
readi ng a; Eis a mterial Young's mBdules; sT is the portion of strain

gauge readi ng Wish &dfyreacadsioF10Y 36 eRPEIGUB. theTHRBABO nddy belibriveSviahe readi ng
detected fromthe strain gauge 115 and for the stress acting on the strain

gauges afmathemgiig apergithmpsUsig\the pringipal of stiggs @ strain, srgpresentingreading frops f or
the stre ' trai auges. at. 0.and 180, . PM cos P 624y +
L R e Rk BBO L T b5 SR AE ot Richiibe sHoiondbright RS an | o

radi us of thejcorresponding circunferential path A is a cross section area
of a corr"’ﬁsﬁogmﬁ’ng’réﬁ rcunferential path

5
where,

* © is a stress which may derived from strain gauge reading ¢;
¢ Eisamaterial Young’s modules;
* gris the portion of strain gauge reading purely caused by temperature change
) 10 ® ¢&p, is the reading detected from the strain gauge 115
,and '
for the stress acting on the strain gauges at 90° and 270°,
M, P _M sina P

O, =t—+—-4=F "L — R +-&
- I 4 I A

15
for the stress acting on the strain gauges at 0° and 180°,
M, P M, cosa P,

—L 4L =F L R +%,
I 4 I 4

Gya =7

' 20 where,
* vis amaterial Posson’s ratio
* R isan inner radius of the corresponding circumferential path
* A 1isacross section area of a corresponding circumferential path
e [Iis a moment of inertia

25 ® P, Pyand P, are load components in X, Y and Z directions respectively

e P,is aradial load component
* M, is a bending moment
* M., M, are bending moments about X and Y axes respectively

¢ «is an angle between P, and P, axis



-1 is a nmonent of inertia 25 P,, P3, and P. are | oad conponents in X, Y and
Z directions respectively P, is aradial |oad conponent M is a bending
nonent MM M, are bending nonments about X and Y axes respectively ais
an angle between P, and Pl, axis 8 For the first group of strain gauges
110 attached al ong the upper circunferential path 112, for which
correspondi ng vari abl es denoted with a subscript "u", 2 Msina Eau - Elu E
Ru (EQ 1) wuand 5 E4u - Ezu 2 M cog a Ru (EQ2) E I u Dividing (EQ 1)
by (EQ 2), the&oamg Rrst rolp ! Benil BhidieB @40 aftadhRd aldag hhppef B ferdafial - E2U
10 Then, the square of (EQ 1) an EQ Q@gl s bei ng'sumed as shown bel ow,

1 (sin2 - PRiBy s forwhich ceppepponding mariablesclsnoted with henbeript §37,2 M u2 = ((E3, ,
- BElu)2 +(E4u -E2u )2) (2 Ru ) Consider direction of M has been reflected
in angleéa,_the_r_gérf,esmm M = 2RElu ((E3u @gg)i +(E4u -62,,)2) (EQ4) u
For the sécofit ‘grpoup jof strain gauges 111 at Had al ong the | ower
circunferential path 114, for which corresponding variabl es denoted with a
subscri pt aid",

e _EMmcosaR £O. 2
u 2u E I u (Q' )

u

5 g

Dividing (EQ.1) by (EQ.2), the angle, & may be obtained:

&y, — &)

e (EQ.3)

gy — &y,

tana =

10 Then, the square of (EQ.1) and (EQ.2) is being summed as shown below,

2 M,
E I

u

2
(&, — EL) +(eq, —8,)° ={ R"J (sin® @ + cos® ), therefore,
M., =((&y, —8,) +(&,, —82..,)2) EL 2-
2R, )

Consider direction of M,, has been reflected in angle @, therefore

Er
y 15 M, 2(2}; J\/((‘%u —glu)z + (&4, “gzu)z) (EQ. 4)

For the second group of strain gauges 111 attached along the lower

-circumferential path 114, for which corresponding variables denoted with a subscript “/”,

£y —g, =2 Masina o - (EQS
3 u E I! ! ( Q‘ )
20 ,and
2 M, cosa
Ey—Ey =R, ' (EQ.6)

E I,



.sir--su 2 Ml sina=EI| R (EQ5) 20, and Ear Ezr 2Mlcosa | R (EQ 6)

E9 Duviding (EQ5) from(EQ®6), tana = 631 611 (EQ 7) 641 - 621 Then
the square of (EQ5) and (EQ 6) is being sunmed, 2M1l2 5 (631 -61/)2

+(641 -621)2 =(E" R | (sing a + cos2 a), therefore, 11 2 E It M12

=((631 -611)+(641 -62/)2,Z R) Consider direction of M| has been refl ected
inangle a, therefore M [JV(&31 -611)2 + (641 -62,)2 (EQ 8) 10 Wth
reference to FIG 1, where the force 150, denoted as P nay be resolved into
two -di f f &iedingaBhdoboal(EQa)ce Pr and Pte, Mre, =Pr(L" - Lp)+PzRP (EQ 9)
15 M1 =Pr(LI -LP)+P~Rp (EQ 10) , where L. and L1 are the | engths

measur i nqalfl&o_:nﬂzhéusecond end 109 to the upp@r \7§i rcunferential path 112
and the lower gjreynferential path 114 respe Q ly, and Lp is

Then the square of (EQ.5) and (EQ.6) is being summed,

2 M
5 (&,—&,) +(g, —g,) = =1
(3[ lf) (4[ 2[) (E Il

2
R,J (sin’ & + cos® @) , therefore,

2
El
Mrzz = ((33.! —&y) + (&, "821)2(5‘1%‘]

Consider direction of M,; has been reflected in angle «, therefore

M, = (f—l‘z]\/((gﬂ —&,) +(ey —£,)7) (EQ. 8)
10
With reference to FIG. 1, where the force 150, denoted as P may be resolved into
two different orthogonal force P, and P,,
M, =P (L,—-L,)+PR, (EQ.9)
15
} M, =P, -L,)+PR, (EQ. 10)
| , Where L, and I; are the lengths measuring from the second end 109 to the upper
circumferential path 112 and the lower circumferential path 114 respectively, and L, is
the thickness of the flange 105. |
20

Subtracting (EQ. 10) from (EQ. 9), radial load component, denoted P, may be expressed
as:
_ M o M I

p="m
) (EQ. 11)

, and P, and P, may also be obtained by



.the-thickness of the flange 105. 20 Subtracting (EQ 10) from (EQ 9),

radi al | oad conponent, denoted Pr may be expressed as: P= Mu -M1 (EQ
11) L. -L, and P. and P3, may al so be obtained by 10 Px P, cosa (EQ

12) P3, =P, sin a (EQ 13). For the ease of calculation, the angle 0, is
configured to be for exanple 45 from 5 X axes. The bendi ng nonment of the
fifth first group of strain gauge 115 is, Mu - (Mu sin 45 + MV cos 45)
=M sina +Mcosa M 2 2 and, Miu =M u( signa+cosa) 10 Stress at the fifth
strain gapge pl ith respect of the Z directipn4s: - 6"T = -MIURu + P A
M (sin g+€‘os£)é(f§wa. + P 21" A" ,theref oréEng):- E(6T")+ET (EQ 14) r2 R
vP 15 = Epﬂg@giﬁawosa) 21 Az +6T " Eu

(EQ. 13).

For the ease of calculation, the angle 6, is configured to be for example 45° from

5  Xaxes. The bending moment of the fifth first group of strain gange 115 is,
My, =(M,, sin45° + M, cos45°)

V2

. 2
=M, sma7+Mm Cos g ——

and, M,, =M _(sina +cosa)J—25~

10 Stress at the fifth strain gauge 115 with respect of the Z direction is: -

kR P
Oy =—M,, —+—-+
ul T Iu Au
=-M, (sina+ cosa)ﬁ £, + £
Iﬂ AH
, therefore
v
&g, =—E(0n,)+8r (EQ.14)
t
v . \/5 R v P
15 =—M, (sina +cosg) ——L —-—"Z ¢
g M Y21 B4
Next, summing &y, &, & and &,
(Elu + EZu + 831: + 84::) Pz '
= + )
1 EA &r (EQ. 15)

> and subtract (EQ. 15) from (EQ. 14), P, may be obtained as follow:

A | &g, +eg, +&, +¢& v N2 R
20 P - u 1 2u 3u 4u _ . u
A 1+v[ ) Er, +—E M,,u(suwz+cpso::)—2 7 (EQ. 16)

u



> Next, summ ng6Su, E2u, Eau and 64u, (61" + 62u 4 Eau + 64u) = EA. 6r (EQ
15) " and subtract (EQ 15) from (EQ 14), Pz may be obtained as foll ow
EA E" +E2+E3" +E 20 Pz = u 4u - 6Tu +v Mu (sin a + cos a) | R (EQ 16)

| +v( 4 E 2 lu 11 1In accordance with an alternative enbodi nent of the
present invention, strain gauges which obtained e2, and 4u nmay be connected
together. Then the force in Z direction P. nay be expressed as, EAr + Pz
1 +vm2su Tu + EM (sin a +cosa)jg R J (EQ 17) u 5 In accordance
vvlthafurthermazlml'C et rain
gauges whi ch obt ai ﬁgdgﬁ%élwﬁgﬁﬁﬁg%h%ﬁx@ %@B%%ﬁgggéﬁgg%aéé{ex@%ﬁ Str he force
in Z di gagesshidh obiEyede, enpegnsabeasnntded togéther Phenuhd forde MZM (sina +
cos a) 16. RLtJ Q aﬁﬁ |+v 2 E 2 1" 10 In accordance w th anot her

al t er nat FYE' e f CXBresetaspr esent i nvention, the hollow cylinder 100
having a pl EZ Lty of strain gauges rmuntl 3 a outer surface 103 of the

hol | ow cW i foi “get tJrﬂith r@lnfaPl‘éSs i ng on the QEQO cyI I nder.
e

15 Fromt fie laboye &l gebral c Fexpressi on, dP. my b und based on

5
In accordance with a further alternative embodiment of the present invention,

strain gauges which obtained &, and &, may be connected together. Then the force in Z

direction P; may be expressed as,

) E4, | &, +
P, = 1+';[ 2u 284" — &g, +%Mm(sina+cosa)%f"} (EQ. 18)

u

10

In accordance with another alternative embodiment of the present invention, the
hollow cylinder 100 having a plurality of strain gauges mounting on a outer surface 103

- of the hollow cylinder for detecting the force 150 acting on the hollow cylinder.

15 From the above algebraic expression, P;, Py and P, may be found based on
the detected strain readings, €1, € En &4y, E1L En €31 Enand er, . Five test have
- been conducted to determine accuracy of the methods provided by the present invention.
Results of measured loads against the actual applied loads in kilo Newton and percentage
of error are presented in TABLE 1.
20

TABLE 1

Test Applied Loads (kN) Measured Loads (kN) Error (%)
P, P, P, P, P, P, P, P, P,
#_1 0 0 612 -0.05 -038 61.27 - - 0.11
#2 0 50 0 0.72 5386 1.04 - 7.72 -
#3 50 0 0 5064 -1.73 -1.64 128 - -
#4 0 -50 0 0.18 -54.12  -1.68 - 8.24 -
#3 -50 0 0 -5062 1.5 -1.87 124 - - -




- the detected strain readings, Ilwzu, 3u, E4u, 1b 2b 3l e4l and Tu . Five
test have been conducted to determ ne accuracy of the nmethods provided by
the present invention. Results of nmeasured |oads agai nst the actual
applied loads in kilo Newmon and percentage of error are presented in
TABLE I. 20 TABLEI Test Applied Loads (kN) Measured Loads (kN) Error (%
PX P'" PZ Px P" PZ PXPp PZ #1 0 0 61.2 -0.05 -0.38 61.27 - - 0.11 #2 0 50
0 -0.72 53.86 1.04 - 7.72 - #3 50 0 O pp.64 -1.73 -1.64 1.28 - - #4 0 -50 0
-0.18 -54.12 -1.68 - 8.24 - #5 -50 0 0 -50.62 1.5 -1.87 1.24 - 12 It is
understood by those skilled in the art that even though nunerous
characteristics and advant ages of various preferred enbodi nents of the

present inventi.on ,5 ha een t forth in the foregoing description, this
di scl osure istffPﬂ§¥$3?¥6%95ﬁ? ﬁﬁﬁfﬂb © aphthateven thoy: Hﬁyg@ S made,
especi al tiyarhdiermiict SiPadanbisby/6t Wirus ﬁfe’fél’l:&ieéhﬁ%udf illﬁlgntﬁ) 8fte hOhverRiRPS

u

within the principles of the invention to the extent 1 ndicated by the
broad gh#erhgen seidpithin bie foregoimgplesctingion) thisnsalesuboistilleieative dmly. Otlom t he

scope of 1 aventhon. 13 CLALMS 1. A npethod of |ocati-ng.a plurality of
tr o n_ gsdieal Y o8 Ruadk espptiald By mindys BT st st ietins s e

par amet estepywhhihiths prigiglea 06tha i8RHE0E (PR T benORdRaSEBYMKL Bada t he /
met hod operabl e to neasure randonly applied | oad applying on the first -end

of the EJCFORMGBEE of hsrnrsnaes elpaissyishnut departing from the scope of the

invention.



.attaching a plurality of first strain gauges along a first paraneter path;

and attaching a plurality of second strain gauges and at | east one third
strain gauge in 10 orthogonal direction of second paranmeter path. 2. A

met hod of locating a plurality of strain gauges on an outer surface of a
hol l ow body having a first paranmeter on a first end and a second paraneter
on a second end, the nethod operable to neasure |oad applying on the first
end of the hollow body conprising 15 the steps of: attaching a plurality
of first strain gauges along a first paraneter path; and attaching a
plurality of second strain gauges and at |east one third strain gauge in
ort hogonal direction of second parafdtdiMpath. 20 3. The nmet hod of |ocating
a plurality of strain gauges according to claiml or 2, wherein the first
paranmeter path includes four first strain gauges and the second paraneter
path | nciiides Al @bhoB ¢ Rflifs & PludalifdgSeain BRI Snlifuflr LR 76 1RIGRI N
gauges. 4. The nethod of locating a plurality of strain gauges according
to cldi nbedy hdvinges first parametexdnadenst endi andta sstoml purgactgesn aseondabd,ghr ed t o
be 90 apart, firom each other relative to first corresponding. center along
the firs 'e})hé)rd éﬁg{a@etﬁa{{‘??sgﬁcf #@IX&PB]&eéjnlgag«@%ﬁ'&gﬂ’rté? ﬁPSt Q%L‘Qfg@econfi gur ed
to be 90halpew body edmhpradife Mehi@ps bel ative to a second corresponding center
al ong the second parameter path. 14 5. The nethod of locating a plurality
of strain gaudiach@ecpluraiyy eblisst sraim gaugsh elooiza firstramettepath; apde t hird

strai n gauge | ﬁgg_f' I .1 n_space, bet ween an wo adj acent
second strai na%%:ug sd gﬁ%a‘r?]%'{) sgcglgcg%tﬁag %% ﬁ%?%?telﬁﬁﬂm @mé.Sh?’WegaHg Hod of
| ocat(l ngomhqyonaladitectionbf Stécridpagmmt@@paiccording to claim5, wherein the

third strain gauges is configured 45 apart fromthe any tw adj acent second
strain gauges relative to the second corresponding center. 7. The nethod

Further Sonpr ! areoy REkein® pRkdlcBEHES, BRRL Sl R Sl aouw. 3”1 e
second sbedy having a first parameter on a first end and a second parameter on a second end, the
method operable to measure load applying on the first end of the hollow body comprising
15 . the steps of: ’
attaching a plurality of first strain gauges along a first parameter path; and
attaching a plurality of second strain gaugés and at least one third strain gauge in

orthogonal direction of second parameter path.

20 3. The method of locating a plurality of strain gauges according to claim 1 or 2,
wherein the first parameter path includes four first strain gauges and the sécond

parameter path includes four second strain gauges and one third group of strain gauges.

4, The method of locating a plurality of strain gauges according to claim 3, wherein
25  the adjacent first strain gauges are configured to be 90° apart from each other relative to a
first corresponding center along the first parameter path and the adjacent second strain

gauges configured to be 90° apart from each other relative to a second corresponding

center along the second parameter path.



-} gauges operable to sense an correspondi ng applied | oad conponent in any

direction randomy. 8. The nethod of locating a plurality of strain gauges
according to claim1 or 2, 15 further conprising the steps of: |ocating
the first parameter path at a first distance having at |east one first
paranmeter fromthe first end; and |ocating the second paraneter path at a
second di stance having at | east one second paraneter fromthe second end.
20 9. The nethod of locating a plurality of strain gauges according to

claiml & 2, THeWid&! ofRER S n@%&lﬁ?ﬁ?&%@ %I CORLd MR P@cl&iﬁ??,f\ivﬁe%%i
paranmeter path and second paraneter " pat ave & maxl num a1’ owani e
di st ance the @dsastene bitdetrain2Bugois coinfignetho theafe ihepateibagveenphyitabi ty of

strain g according to claiml or 2, wherein the first paraneter path
i s |ocat %gﬁ ﬁ%netus%cro“fi(‘?hf'ﬁ‘egaflg?%ﬁo% CSRANIIRBARIBIRA. par aneter path. 11. The
met hod of locating a plurality of strain gauges according to claim1 or 2,
30 further conprising the steps of: obtaining readings fromstrain gauges;

and 15  @al culldemgihathefdecaingropjoradity clhsmaimeagss adcotding teidians ywipghi ed
dynami c . +12.. The net hod. of ating. a plurality of strain gauges
accor di nlgt;t?eta%lrg Isé?lfhgfu%? 15 con ?(ngi ?H?EQEFRW ﬁﬁv@"éfdﬂ? %dtacantwsmnéw?rém i nder
havi ng t lpeudds kghtivi g tﬂggéc@h@g%@e%ﬁéﬁr%%ghﬁggter 5 and the second end

: e netho

defining a second dianeter. 1 of locating a plurality of
strain gauges according to claim 12, wherein three orthogonal conponents

of the ragndo anpld am c .l o noted as P., .. nd P,
respect i \6/) ely mzﬂé% ex pord:cg‘s1 g%a%é‘g 3Pl Ya?tdsg‘ﬁgl e} ?%?dnligto clatm T br 2,
10 further comprising the step of configuring the first strain gauges and the second strain

gauges operable to sense an corresponding applied load component in any direction

randomly.

8. The method of locating a plurality of strain gauges according to claim 1 or 2,
15  further comprising the steps of:
locating the first parameter path at a first distance having at least one first
parameter from the first end; and
locating the second parameter path at a second distance having at least one second
parameter from the second end.
20

9. . The method of locating a plurality of strain gauges according to claim 1 or 2,

further comprising the step of configuring the first parameter path and second parameter

path to have a maximum allowable distance from each other.

25 10.  The method of locating a plurality of strain gauges according to claim 1 or 2

2

wherein the first parameter path is located nearer to the first end than the second

parameter path.

11. The method of locating a plurality of strain gauges according to claim 1 or 2

?

30 further comprising the steps of:

obtaining readings from strain gauges; and



10 Px=P, Cosa; Py = P, sin a; and Pi -EAU 1+V[ El u+52u++E3u+E4v-s +E M (sin
atcosa) 2 2 Rul, where; s is the strain gauge reading taken fromthe

respective denoted strain gauge; 15 his a stress, for which ¢ = E a +6r;
Eis a mterial Young's nodules; ETu is the third strain gauge reading

purely caused by tenperature change; v is a material Posson's ratio; R
I's an inner radius of the second circunferential path; 20 A" is a cross
section area of the second circunferentisal path; " is a nonent of
inertia of theakeabting toke Guniﬁ%@mdn?éonﬁﬁttsr&f the lﬁnddrﬁlyaapgﬁ&i #nahfigtad,
component, for which P, = MU - M, ,, Is’a i'ng nonent of the

radi al | oad at the second ci rcunf erentlal path and th2 S a bendi ng Im)ment
f the radial rential at angl e
get ween %@_ anyh%%tﬁﬂ Bf'l%aitk{g |Pe,‘lﬁllél151 TheHEGY ?f@“*l?%fsﬂ ‘Elﬁ‘@ i@’ég’nd end to
t he firswheidic theflellent baly is aabnomgihﬁdbe haeme ke fitst AP 4 Blst BRktter

res pe§ ti veé thie second end defining a second diameter.

13.  The method of locating a plurality of strain gauges according to claim 12, wherein
three orthogonal components of the randomly applied dynamic load, denoted as P, Py
and P; respectively are expressed as below at any one time:

10 P =P cosa;

P, =P sina; and

k4 +e&, +&, + )
Pt | S O Ty T o Ep +— M, (sina +cosa) \/_5, ot ;
L+v 4 E 21,
where;

* &is the strain gauge reading taken from the respective denoted strain gauge;

- : 1
15 ® ois astress, for which ¢ = Z° +&;

¢ Fisa material Young’s modules;
* &pis the third strain gauge reading purely caused by temperature change;
* visa material Posson’s ratio;
* R, is ap inner radius of the second circumferential path;
20 ¢ 4, 1s a cross section area of the second circumferential path;
¢ [, is a moment of inertia of the second circumferential path;

Mru '—Mr! .

* P,isaradial load component, for which P. = A
w -~ A

* M, is a bending moment of the radial load at the second circumferential path and
M, is a bending moment of the radial load at the first circumferential path;
25 : ¢ «isan angle between P, and P,;
* [Lyand L, is a length measuring from the second end to the first circumferential

path and the second circumferential path respectively.



