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t wo- pr ot dnduagis fetphotonics déndcamtiretheakireless industry, for microelectromechanical
systems (MEMS) or nanoelectromechanical systems (NEMS), in the rapid
prototyping industry, in tissue engiheering, and in the chemical and pharmaceutical
industries. Two-photon stereolithography (e.g. two-photon polymerization) utilizes
localized two-photon absorption/excitation to induce structural changes in a target.
However, not all materials are suitable for two-photon stereolithography. Only in
certain materials, two-photon absorption induced polymerization can proceed at a
sufficient rate to be of practical use for two-photon stereolithography.

SUMMARY OF THE INVENTION

[0005] In accordance with an aspect of the present invention, there is

provided a method of processing a material to form a three-dimensional article,
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bisphenol A diacrylate and ethoxylated bisphenol A dimethacrylate. The beam may
be scanned according to a first pre-selected pattern to induce polymerization at pre-
selected regions within a first layer, and subsequently scanned beam according to a
second pre-selected pattern to induce polymerization at pre-selected regions within a
second layer. The first pattern and the second pattern may be different or identical.
The scanning may be repeated to polymerize selected regions in more than two
layers of the material. The beam may have a spot size of about 2 um or less at the

focus region. The focus region may have a volume of about 10™"? cm?® or less.

[0007] Other aspects and features of the present invention will become apparent

to those of ordinary skill in the art upon review of the following description
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having an array of unit devices, fornmed by two-photon polynerization
using the apparatus of FIG 1 and a conposition exenplary of an
enbodi nent of the present invention; and [0014]FIG 6 is an SEM i mage
of a top plan view of a unit device on the article shown in FIG 5.
DETAI LED DESCRI PTI ON [ 0015] I n exenpl ary enbodi nents of the present
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18 wt % of poly(neth)acrylate, 20 to 50 wt % of urethane(neth)acryl ate,
35 to 55 wt % of di(neth)acrylate, or 2 to 8 wt% of photoinitiator. In
one enbodPAEMk | t heFlmiZeisiaabchematicisidasvigwias the objedtivs lens, target and

pol y( nmet bt sRb6m iR FIE0145 W % of urethane(neth)acrylate, 40 to 50
wt % of dim(t%gt h) acryllate, ?i’nd 3to 7 wt% of photoinitiator. [0019] The

pol y( et h acrﬁl ate nﬁgl include a tri-, tetra-, or penta-
(met h) acrl@Pitle. TheFl§-(GristngaseningalectrayminsosesmyrGEM) imagelof gdop view,

q . ) I .
o howy! at o Lk doShet o EMIRENoBh Eoy M aR8 etedhE ERkaids Bfitg,y and
al so i nclagemposition axemplary ¢l00Rahhbdineopbtic presemegventiohude a

phot ocur abl e conposition descri bed

[0012] FIG. 4 is an SEM image of a perspective view of the article of FIG. 3
in a different state;

[0013] FIG. 5 is an SEM image of a perspective view of a second article
having an array of unit devices, formed by two-photon polymerization using the

apparatus of FIG. 1 and a composition exerhplary of an embodiment of the present
invention; and

[0014] FIG. 6 is an SEM image of a top plan view of a unit device on the
article shown in FIG. 5.

DETAILED DESCRIPTION

[0015] In exemplary embodiments of the present invention, a liquid
composition comprising a poly(meth)acrylate, a urethane(meth)acwlate, a
di(meth)acrylate, and a photo-initiator, is used for two-photon stereolithography.
The poly(meth)acrylate has a (meth)acrylate functionality of at least 3 and a
molecular weight (MW) of at least 650. The urethane(meth)acrylate has a
(meth)acrylate functionality of 2 to 4 and a MW of 400 to 10,000. The

di(meth)acrylate is made from bisphenol A or bisphenol F; and a photoinitiator.
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in US Patent No. 6,025,114, the contents of which are incorporated
herein by reference. [0022]In an exenplary enbodi ment of the present
invention, the conposition may contain a selective conbination of the
foll ow ng comrercially available materials, where the texts in

par ent heses indi cate exenpl ary product nanmes and suppliers:

et hoxyl at @D‘tﬁ]sphendh difetié MBIk Alse tHeEormdskitioPnad ¥BMm e 2 t0 20 wit%
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2, 2- di met hoxy- 2- phenyl acet ophehone (I rgacur’e a CeigyTm
referred 0 herein as IRG); - ali atrc ur et hane acryl ate (EB-270,
UCB Cheni iuaqgﬂr’r) silp P@@@@Mma@&%ﬂ le%b)acndwe(m?ryb hgmd I\f\Mne}tih?Ee
acryl ate N a ResinsTnm). [0023]1n some enbodi ments o e
pre}s/ent i glventr E%%mtgﬁgggorrposr tion may include a mxture listed in
Tables | and II. Table |I. Mxtures for two-photon |ithography

M xt ure SHO0IZY) sRr- 34rgsmmembpdrments the composition material may include 5 to 18

wit% of poly(meth)acrylate, 20 to 50 wi% of urethane(meth)acrylate, 35 to 55 wt% of
di(meth)acrylate, or 2 to 8 wt% of photoinitiator. In one embodiment, the material
comprises 8 to 16 wt% of poly(meth)acrylate, 25 to 45 wt% of
urethane(meth)acrylate, 40 to 50 wt% of di(meth)acrylate, and 3 to 7 wt% of
photoinitiator.

[0019] The poly(meth)acrylate may include a tri-, tetra-, or penta-
(meth)acrylate. The di(meth)acrylate may be monomeric or oligomeric, and may be
a mixture of ethoxylated bisphenol A diacrylate and ethoxylated bisphenol A
dimethacrylate.

[0020] The composition may also include a surfactant.

[0021] The composition may include a photocurable composition described
in US Patent No. 6,025,114, the contents of which are incorporated herein by
reference.

[0022] Inan exemplary embodiment of the present invention, the

composition may contain a selective combination of the following commercially
available materials, where the texts in parentheses indicate exemplary product
names and suppliers:

- ethoxylated bisphenol A dimethacrylate (SR-348, Sartomer™ );
- ethoxylated bisphenol A diacrylate (SR-349, Sartomer);

- ethoxylated 1,1,1-trimethylopropane triacrylate (SR-9035, Sartomer);

- UV photoinitiator DAR1173 with a formula of Ph-CO-C(CH3),OH
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SR-9035 DAR-1173 DC190 IRG 1 8.0 42.0 34.5 10.0 5.5 - - 2 - 45.0 34.5
15.0 5.5

- 2,2-dimethoxy-2-phenylacetophenone (Irgacure 651, Ciba Geigy™,
referred to herein as IRG );

- aliphatic urethane acrylate (EB-270, UCB Chemicals™);
- silicone surfactant (DC190, Dow Corning™);
- Urethane acrylate (NR-2720, Zeneca Resins™).

[0023] In some embodiments of the present invention, the compdsition may
include a mixture listed in Tables I and Il.



3 8.042.0 34.510.05.50.2 4 -

Table I. Mixtures for two-photon lithography

45.0 34.5 15.0 5.5 0,2 -

Mixture | SR-349 | SR-348 | NR-2720 | SR-9035 | DAR-1173 | DC190 | IRG
1 8.0 42.0 34.5 10.0 5.5 — —
2 — 45.0 34.5 15.0 5.5 _— —_—
3 8.0 42.0 34.5 10.0 5.5 0.2 —_
4 — 45.0 34.5 15.0 5.5 0.2 —
5 20.0 35.0 29.0 10.5 5.5 —_ —
6 20.5 35.9 29.8 10.8 5.5 — 3.0
Table [I. Mixtures for two-photon lithography
Mixture | SR-349 | SR-348 | NR-2720 | SR-9035 | DAR-1173 | IRG | EB-270
7 15.0 46.0 24.0 9.5 5.5 — —
8 10.0 40.0 - 25.0 19.5 5.5 — —
9 19.0 44.0 21.0 11.0 5.0 —_ —_—
10 4.5 40.0 40.0 10.0 5.5 —_ _—
11 - 42.0 420 10.5 5.5 — —
12 — 49.9 30.2 14.4 5.6 — —
13 —_ 455 34.5 15.0 5.0 — e
14 55.0 — 29.0 10.5 55 —_ —
15 55.0 — 29.0 10.5 — 55 —
16 56.6 — 29.8 10.8 — 2.8 —
17 205 | 359 | 298 10.8 — 3.0 —
18 10.9 36.6 —_ 12.5 5.5 —_ 34.5
19 — 50.0 — 19.5 5.5 — 25.0




520.0 35.0 29.0 10.5 5.5 - 6 20.5 35.9 29.8 10.8 5.5 - 3.0 Table
1. Mxtures for two-photon |ithography

[0024] While not all photocurable materials are suitable for fabricating
articles by two-photon stereolithograbhy, the compositions described above may be
formed into 3D articles according to a two-photon stereolithography process
described next. ‘

[0025] In one embodiment, a material formed of the composition described
above can be processed to form 3D particles by focusing a beam of light to a focus
region in the material to induce two-photon absorption in the focus region, and thus
polymerization of the material in the focus region. As two-photon absorption is
limited to a small region, the material in the areas outside the focus region will not
be polymerized. The light beam is scanned across the material according to a pre-
selécted pattern so that the beam is focused to different pre-selected regions in the
material to induce polymerization of the material at the pre-selected regions. The
beam may be scanned across a transversal plane that is perpendicular to an axis,
such as the optical axis of the focusing device that focuses the beam onto the
material. Once the scan in one layer of the-material is completed, the target
material may be moved relative to the focusing device to scan another layer
according to a pre-selected pattern which may be different from or the same as the
pattern for the previdus layer. The scanning may be repeated to polymerize
selected regions of the material in more than two layers, layer-by-layer. Thus,
different regions in the material are polymerized according to a pre-selected design.
The material in the polymerized region may be hardened and solidified. Thus, in
one embodiment, the un-polymerized portions of the material may be removed from
the polymerized portion of the material and the polymerized portion of the material
forms a 3-D article. Depending on the application and the material used, in some
embodiments, the polymerized portions may be removed from the un-polymerized
portions and the un-polymerized portion forms the product article. The removed
portions can be removed after completion of the scanning of a layer and before
scanning the next layer, or after all layers have been scanned.

[0026] Removal or separation of one portion of the material from the other
may be performed using any suitable technique, depending on the particular
application. In one embodiment, two-photon absorption will induce certain

chemical reactions in the selected regions of the material. The chemical reactions
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M xture SR-349 SR-348 NR-2720 SR-9035 DAR-1173 I RG EB-270 7 15.0 46.0
24.0 9.5 5.5 - - 8 10.0

result in a new material. ‘The new material and the original material will have
different chemical or physical properties. Thus, the removal or separation of the
materials may be performed based on the differences. For example, if one material
is a liquid and the other is a solid, they may be readily separated. In other cases,
one material may be soluble and the other may be insoluble in a particular solvent.
Thus, the soluble one may be removed by washing using the solvent. In some
cases, one material may also be easily removed by another technique, while the

other material is substantially unaffected by that technique.

[0027] With two-photon lithography, a liquid target material can be formed
into a 3D article by scanning the liquid material contained in a container. It is not
hecessary to form the article by scanning an initial layer of liquid to first form a solid
bottom layer and then add more liquid on top of the solid layer to form the next
layer, which would be necessary if the material is to be cured by single-photon
lithography. As two-photon absorption can occur only within a limited portion of the
beam path at a selected depth in the target material, the target material may be
formed layer-by-layer without having to add new liquid material during the scan.
Thus, production rate can be much higher.'

[0028] Further, with two-photon stereolithography, some potential problems
arising from adding new liquid to a solid substrate, such as insufficient cross-linking

between the adjacent layers may be avoided.

[0029] FIG. 1 is a schematic diagram illustrating a system 10 for two-photon
stereolithography, which can be used to treat the above compositions according an
exemplary embodiment of the present invention.

[0030] System 10 includes a light source for emitting a beam of photons,
such as laser source 12. In this embodiment, laser source 12 is a pulsed tunable
near-infrared laser, such as a Ti-sapphire laser. A commercially available laser
source, such as the Spectra Physics Mai Tai™ broadband Ti-saphire laser may be
used. The pulse rate may be of the order of femtosecond. Other suitable lasers

may be used in other embodiments.
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[0031] Laser source 12 is used to produce a beam 14A of laser light. The
wavelength of the laser light (photons) is selected to induce two-photon absorption
in the particular target material. For example, if a single-photon absorption
wavelength for the particular material is L+, the wavelength for two-photon
absorption may be 2L,. In order to work with different materials, laser source 12
can be tuned in wavelength within a given range. For example, to use two-photon
absorption to activate UV polymerization in a material where the required
absorption energy quantum is about 355 nm, the spectrum of the light may have a
peak at about 710 nm.

[0032] In this embodiment, the laser wavelength is tunable between about
700 to about 1020 nm. The output beam diameter from laser source 12 is less than
2 mm with a focusing diameter of 1/e*. The full far field divergence angle of the
beam is less than about 1 mrad. In the pulsed mode, the average output power of
laser source 12 is larger than 2.5 W, and the peak power is larger than 310 kW. In
different embodiments, the average laser output power may be from about 50 mW
to about 4 W. A higher laser power may be used with a dry objective lens and may
be desirable as it can provide higher scanning speed and throughput. In the
present embodiment, the pulse repetition rate may be about 80 MHz, and the pulse
width may be about 100 fs.

[0033] In another embodiment, beam 14A emitted from laser sourée 12 may
have a beam width of less than about 1.2 mm with a focusing diameter of 1/e%. In
some embodiments, a smaller beam diameter may be advantageous as it can

provide a higher resolution.

[0034] An isolator 16 is positioned adjacent to laser source 12 in the path of
the beam 14A to isolate laser source 12 from reflected laser light. That is, isolator
16 is configured and positioned to prevent reflected laser light to re-enter Iaser
source 12, as reflected light may disrupt the mode locking operation of the laser. In
this embodiment, isolator 16 is a broadband isolator. For example, a 10-5-NIR-
HP™ isolator from Optics For Research™ (OFR) may be used. In other
émbodimen’cs, other suitable laser light isolator may be used.
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[0035] A shutter 18 is positioned downstream of isolator 16 for selectively
transmitting beam 14A therethrough. Shutter 18 is an Acousto-Optic Modulator
(AOM) in this embodiment, which provides fast-shutter operation. For example, an
AA MOD 110 shutter from AA Opto-Electronic™ may be used.

[0036] In other embodiments, shutter 18 may be placed elsewhere, such as
further downstream, and may be any other suitable high-speed shutter for the

specific application. For example, the shutter speed may be on the order of about
100 MHz.

[0037] An optical beam expander 20 is positioned downstream of shutter
18, and is configured to expand beam 14A and produce a collimated beam 14B
with an increased beam width (beams 14A and 14B, as well as 14C shown FIG. 2,
are also collectively referred to as beam 14). As used herein, a collimated beam
refers to a beam that has a low divergence. For example, in some embodiments,
the divergence of the collimated beam 14B may be less than about 7.6 mrad. As
can be appreciated, a perfectly collimated beam of light (with divergence of zero) is
difficult or impossible to obtain in practice. Further, the divergence of the collimated
beam 14B is varied during use and may deviate from the lowest divergence
achievable for a given optical setup. \

[0038] A dichroic mirror 22 may be provided to reflect beam 14A into
expander 20.
[0039] Expander 20 includes an expansion lens 21 for expanding the beam

diameter to a large enough size so that the beam diameter is larger than the input
aperture (not separately shown) of the focusing device such as microscope 28, so
that the back of the objecﬁve lens 30 (see below) is overfilled to make full use of the
objective aperture. Expansion lens 21 is a diverging lens, also referred to as a
negative, concave or dispersing lens. For expansion lens 21, the lens surfaces

may be plano-concave, double (bi) concave or concavo-convex.

[0040] Expander 20 also includes an expander objective lens 23 positioned
downstream of expansion lens 21. Expander objective lens 23 is a converging

lens, also referred to as a positive, convex lens. The lens surfaces of a converging
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lens may be plano-convex, bi-convex or meniscus. The beam size of beam 14 can
be increased after passing through expander 20.

[0041] Expander 20 is electronically controlled to expand and collimate
beam 14. Expander 20 increases the beam diameter to a desired size and is also
configured to automatically adjust the divergence (collimation) of beam 14B for
correcting focal plane distortion, which is mainly due to field curvature effect, as will
be further explained below.

[0042] In this embodiment, expansion lens 21 is axially moved/adjusted by a
motorized translator (not separately shown) to vary or adjust the distance between
expansidn lens 21 and expander objective lens 23. The distance adjustment is
automated. As such, beam expander 20 also acts as an on-the-fly focusing module
to automatically correct for any focal plane distortion, which may ocecur such as
when large lens elements that do not correct for plane distortion are used. The
physical distance between expansion lens 21 and expander objective lens 23 may
be increased or decreased from a balanced distance, such as 90 mm, to change
the beam size/diameter, or to reduce plane distortion. For example, one of the
lenses 21 and 23 may be repositionable. The movement of the movable lens may
be driven by a motor. Distance adjustment may also be made by chahging the
optical distance between the two lenses without changing the physical distance
therebetween in a different embodiment.

' [0043] In one embodiment, the diameter of the collimated beam 14B may

be about 10 mm, and the distance between lenses 21 and 23 (thus divergence of
beam 14B) may be adjusted so that the diameter of beam 14B may be varied to a
few mm above or below 10 mm at the input aperture of microscope 28.

[0044] In system 10, expander 20 includes a varioSCAN 20™, provided by
Scanlab AG™. This device may be controlled using an RTC™ control board and
control software provided by the same company. Details of construction and
operation of varioSCAN 20™ can be ob;cained from Scanlab, such as from its
website: www.scanlab.de/. In other embodiments, variocSCAN 20™ may be

replaced with another suitable expander and dynamic focusing device.
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[0045] A mirror 24 is placed downstream of expander 20 to direct expanded
collimated beam 14B into a scanner 26.

[0046] Scanner 26 re-directs beam 14B to scén beam 14B over a desired
target region. A galvanometer scanner may be used as scanner 26. For example,
the scanner may be a ScanCube7™ scanner provided by Scanlab. In a typical
galvanometer scanner, two scan mirrors (not separately shown) may be provided,
each driven by a galvanometer. Each scan mirror is independently adjusted
(turned) to redirect the beam in one dimension. Thus, the two scan mirrors in

combination can scan the beam across a two-dimensional plane.

[0047] A focusing device, such as a microscope 28, is placed downstream
of scanner 26. Except the features expressly described herein, microscope 28 is ‘
otherwise a conventional microscope and can be constructed using conventional
technology. Microscope 28 is positioned and configured to focus beam 14B onto a
focal plane in a focus region of a target material.

[0048] Microscope 28 has a dry objective lens 30. A dry objective lens does
hot need to be immersed in oil or water to function properly. A dry objective lens
can properly function when it is immersed in air or another gas environment. In this
embodiment, a Nikon™ ELWD air objective is used. In other embodiments, other
types of dry objectives may be used. Suitable Nikon ELWD air objectives include
objectives that have magnification factors of 20x to 100x, such as 20x, 50x, and
100x. The numerical apertures (NA) of these objective lens are 0.4, 0.55, and 0.8,
respectively. The 3-D resolution of these objective lens are respectively 1x1x7,
0.5x0.5x1, and 0.1x0.1x1, respectively (all in micron). The NA in dry objective lens
30 may vary from about 0.4 to about 0.9.

[0049] Objective lens 30 focuses beam 14B onto a focal point (focus region)
in target 32.
[0050] Target 32 is supported by a support 34, which includes an

adjustment mechanism, such as a high-resolution stage or a galvanometer.

[0051] Support 34 may move and adjust the position of target 32 in three (3)
dimensions. Support 34 may be motorized for moving the target. Support 34 can
12 ’



35.9 29.8 10.8 - 3.0 - 18 10.9 36.6 - 12.5 5.5 - 34.5 19 - 50.0 -

move target 32 at least along the axial direction of beam 14. Optionally, support 34
may be configured to also move target 32 in transversal directions. In some
embodiments, support may be configured to provide both translational and
rotational movement of target 32.

[0052] A camera 36 such as a CCD (charge-coupled device) camera is
provided for taking images of the processed target and monitoring the operation of
apparatus 10. Camera 36 may be positicned to receive light from mirror 22.

[0053] A controller 38 may be provided for controlling the operation of
apparatus 10. Controller 38 is in communication with expander 20 for controlling
the automatic adjustment of the distance between expansion lens 21 and expander
objective lens 23 to reduce distortion (curvature) of the focal plane of microscope
28. Controller 38 may also be in communication with one or more of laser source
12, shutter 18, scanner 26, support 34, and camera 36, to receive input therefrom,
and may optionally control the operation thereof. The distance adjustment may be
controlled based, at least in part, on the position or location of the current beam
waist, or on the position/angles of the scan mirrors in the scanner which determines
~ the direction of the beam axis. For each given beam direction, a length value may
be stored in a memory in association with the beam direction or the expected
coordinates of the location of the beam waist. The distance between lenses 21 and
23 is set to the corresponding length associated with that location when the beam
is scanned toward that location. In this-regard, controller 38 may be in
communication with both expander 20 and scanner 26 to synchronize the
movement of the motorized lens in expander 20 and the scan mirrors in scanner
26.

[0054] Controller 38 may include a computer or other computing devices
and may also include software for controlling the operation of apparatus 10. The
control software may include a modified SCAPS program. This program can
synchronize the motion of a support stage and the beam scanning and can perform
slide by slide scanning. |

[0055] Controller 38 may be an integrated device or be provided as multiple
separated units.
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19.5 5.5 - 25.0 [0024]While not all photocurable materials are
suitable for fabricating articles by two-photon stereolithography,
t he conpositions described above may be fornmed into 3D articles
according to a two-photon stereolithography process described next.
[0025] I'n one enbodi ment, a material fornmed of the conposition

descri beo[oase]ve cannha;smrﬁmﬁﬁ@dt ts9stear 10 ARs RaschhGpeed BY ub &5 88 Inftf/sa
beam of %{lt to a focus region in_the material to induce two-photon

absor pt i oeﬁ'1 % SedENeiIghLQf yRsigi PhmmanBhe Aean ﬁ%ﬁ%@@?q $ean kpigrmenee higher
mat er i al ihitidiniiRfiitieh@diRndii dithsRl dtion is limted to
a small region, the materi al t he area outs e the focus region
w ll not be _& |erEI’I zed. The Ilght beamis scanned across the

r

mat eri al [8826k di ng FIB-2 mt@ﬁﬂ)@@% pkieetivvdens 8 anddatgsh @i is more
focused tusll fhahREMEMERL, 3% ﬁﬁhﬂj@@ d t%lréec ) e Flglrdﬁéarfaﬁq%ﬂéqjuce

pol yneri zation of the materia e pre-se regl ons € beam
may be sdiween ad&@@kﬂta42raad§vimtm11 pleita (o subatraied 49er’l‘mrpdatem2aand 0 an

the- boam WiED: PRE BEply Tactdhel ol el i One 1 ayer of the

material is conpleted, the target material nmay be noved relative to
t he focudPA§8ldevi ceAs d!ustraﬁedanﬁl@ez dtalyeefomtpmndofrhgetfoct&eprlmaaeﬂﬁcl ed

pattern |ff rent or t as .t he ernfor
Phe. or ovitDt oo e diamb iR vidth BED S 1, BTG bt Rehertad 6%
sel ect ed thegieants Qﬁottsl‘&) ThRS pattion Bf bEHre 1T4hﬁl§ réfeBretiay @6 Sts beam waist. In
| ayer - by- | g q@fferent regions in the material are

pol ymer i Z8H 'H@EQ} "i&fi R{eprid IRvaniiep egher theghcidenkangle of baami 145 #e
pol yrer i zaRrds8peR8TRYaie PREESHRA z@nﬂhe%bét%mqﬁ beEFhU@ats{ 8 {9Bsed

enbodi nment , the un- pol ynerized portions of the materiral may b
renoved fhesm A€ ke wﬁ wiBingaralgseriocs fOPﬂbplﬁﬁQ é8i whlcan@pem@ndrcular to

pol ymeri zgd oBﬁéél'an; Qf]oit e&%qy\@% Lﬁﬁfcﬁ% %t&nal%&g&&%ﬂt g a?ﬁ)%'apg on

the application an terial used, 1n sone enbodi nen

pol yner i M@dﬁtd%‘spmweldd)wfbmednﬁq adiustheeniof pe &aiancebdtvpmntl ons
and t he Uos ,{Tgﬁa égd portion fornms the product article. The renoved
portions can be renbved after conpletion of the scanning of a |ayer
and before scanning the next layer, or after all |ayers have been
scanned. [P08%6] Renoladn embedipariof the pEsentsnymtionptneadistahee baivesenal

fromthe Igﬁgé%r%md b 1@8 hi (&3@%%}%838 @%bjg}]eaglﬁ?{{}&fﬂ?%@ﬁ?owsed beam

dependi ng on the par Y a

t wo- phot mcatcsmnptsubstawhdally indoest @larer4gias veih eeifadher dactibedBelow. t he
sel ected regions of the material. The chem cal reactions result in a

i 11 or ent088%hs oo "HUERSEER 1ERGaReles o The 1 aroval or

separation of the materials may be perfor rred based on the
di f f erend@861]For exArske) of lhsanbt isatreduced bhslaset sism,ub@l 1andheteaat has a

is a solid.t be readi arated. In oth on

mat eri al Scrégfﬁlct’%gxls%%%k b ﬁ%’ig F{ER FrigPhe 'Ianse(; g?‘?%w and 2.6 W
particul aes;seﬂwelyt BEEMig4 hHaBeosob eyt fieat VAl chesd @iﬁFréqﬂwobcyn washi ng
using the n some cases, one materi al So be easily
renoved gq%\eﬂg?altr@%qmndﬂéhe Wﬁ@?té“?fﬁéab‘i%@rnddﬁ?‘éﬁﬁ%@ Wayelength that is

SUbStant|@iltbbﬁielfﬂﬂfrfggéﬁﬁ@ophdhbﬁ t@v@%’t&ﬂﬁhotb@!@&ﬁ é\(rtea'&cﬂc%)nﬂg Riegn

l'ithography, a liquid target maferial can be fornmed into a 3D-article
by scanniRgtetine4d.i foisl theseestedm ebhean daman b@ acoaTaw hend CBtl’far@d aba

Lo 1irat Fone SAEIThs vak Py Xl el Thkon® flayRlsrab il

t he sol i dvd iaythe ramgd mfrahotméOMcxabdnatymp mdmdebemnugdmtibe rt@*ge‘smatanai f
the material,is t singl e- on |ithography. As
t wo- phot ik atﬂgd??)(%l%‘ﬁ tﬁ%@ é‘&é? PSR T\quiﬁié 'nalinmted portion of the
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stereolithography, which can be used to treat the above conpositions

according an exenplary enbodi nrent of the present invention.

[ 0030] System 10 includes a |ight source for emtting a beam of

phot ons, such as |laser source 12. In this enbodi nent, |aser source 12
is a pulsed tunable near-infrared | aser, such as a Ti-sapphire |aser.

A commer pogEZ]y avaiBeanl ¢4AgReEes TbGsh isblEd FSatdtheRpeLtteA18Nlsidsor
Mai Tai nt' broadband Ti - ga@@hl re | aser ma){ be used. The pul se rate may

be of t hdBABENyANY Eflestaclishd rory 9RIHNG [Fite kaseeSplserlL. ﬁﬁ"} cae thised i n
ot her emﬁqbrﬁmeﬁ.femﬁﬁgﬁﬂaké%&hcé qyr %‘?w%t@r '19 1§&ﬁﬁr&ll@d I%?%H%ué% @M

14A of | aser e wavel engt h of | aser hotons) 1s
sel ect ed se@ctl\rﬁ!lyj @f@ptnﬂ@smpbbeamﬁéﬂbere@wounh t fibe mmmuml @rrutneasg@ed
mat eri al n absorption wavel ength for
the parti c‘f aersgr’(Ira r@a HE'ﬁﬁéhgg‘Jr@“ trlI%ength for two-photon
absorption may be 2L1. In order to work with different materials,

| aser solRQ3]12 carBazen d4Adsl directac byineingt B2\b skipander @0v érxpaadge20 For

o mad BRI AR P dnd R R RlnClast R ahB ol diBo 4R 208
3053 TSPt i 1 Beseenphe 4 ettt
bbout. 7081 56 BESTIORA oA bR TABHY Db SaRURHHARN R TESE?
source 1Zadiérsl RRiSconlRiRrations) Wiok @xambﬁec%ﬁjh% eﬁp@f@é@ﬁq gfbelécﬁ%nta'ﬂé@us
full far field divergence angle of the beamis |ess than about

nrad. | nfarHedyging e mevieg distancs et mgorigad rits ipexepndar 30,s@p theoihee 12
i s |argepghfan, ﬁ%%\@xgéﬂgiohhﬁﬁkpfé%ﬁltwg’géégbzﬂdn\%igl%s thRA a%%é?% eldbam

different enbo he average | fput power may b rom
about 60 wmhtl@waimmlnamthe ddamvewmf theaigput grackire immideseaped28y Béam 1dr y
objectiv v i gher scanni ng
speed an %Eit&%hfnw?r%%{ he %bggén r‘?sszr%éa&%ugfn% I%gse%gl se repetition
rate may be about 80 MHz, and the pul se width may be about 100 fs.

[ 0033] | n[@@fAIher eredxpented theam 14B\isdiractediic saamnEn2e by soirpc 84.12
may have a beam wi dth of |less than about 1.2 nmw th a focusing

di amet er Lou 654/ €2. 'Sﬂ:a%ﬁ@h&?@%b&%l 1o 'sc8ns3 %Blthehé’ﬁﬂﬁo%%@&%

advant ag s'as it can provide a r resol utlon niso ator
16 i s posticiosnepe 28 jpadehiective larsed0. sbearod 4B2isifocusied patkijedivetiéns b@am

14A to i C ref.

i sol at or %%gil sohﬁ |\603l?rHé’ aﬁﬁg%‘%l r&%?%&qn%@gg 4dr Wﬁl&:‘c% Eéﬁl Oser

| i ght topositiontbgmplatas 4R esﬂmmmdlﬁupmﬂ‘t 34af De,cblqdcﬂwegbhs Gays dotsimmpérsttie
node | ocki ng g&)er ti.on of Pe aser a nbodl i sol ator 16
is a brodyBEHIAYd Subpgpse py 'Se?‘é’ﬁﬁ?%to %" Y- i soI ator from
Optics For ResearchTM (OFR) may be used. In ot her enbodi ment's, ot her
sui t abl e [0@6&8]r | i ghthe théeﬂvaarlermsob@:usse(éxpalbtﬁmﬁéﬂ\w\cslhmhtafbéﬁn i14B

Poam 14ATiAGY BER (RAgH MahmivERt matoril 4R (SR gt RBUARLE oIS foeth

in this endpdhmBist ommearbwnd%cfo@ﬁtg i@y d@p@t@frbmhelf@dal plane
exanpl e, an AA MDD 110 shutter from AA Cpto-El ectroni cTM may be used.

[0036] I n %ﬁ&bl%ﬁﬂﬁ%éﬁ%éﬂ d, ha‘éﬁufheeflocﬁ@lmdﬁ@rbq)%éb@ﬁ éK‘§é9\SF1’3§1|0§S ¢80ch
as furt h?’ rit 881 té%Elb )ﬂtuélﬁj éff@étg{ f%%f%ﬂ@b?%cmogﬁrﬁ\@@eqdeallg
or sp ic ap or e d

shutter ecCl |cat|on tter spe
may be orbearreM)sbkwid ok fa@mﬁd argo fogar pla[neeﬁi?r]egamﬁma @famheibarmtsemihnsier

20 s poglehi 8P&Taf ARARESRAMEAE 581 obfctive lens 30. In practice, it may be

acceptable that the beam waist is kept sufficiently close to a plane 48 (i.e.

substantially in the plane) as beam 14 is scanned.
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18, and is configured to expand beam 14A and produce a collimted
beam 148 with an increased beam w dth (beans 14A and 148, as well as
14C shown FIG 2, are also collectively referred to as beam 14). As
used herein, a collinmated beamrefers to a beamthat has a | ow

di vergence. For exanple, in some enbodi ments, the divergence of the

col I'i mat q'oioeb?qam 1487 Ry titngdrees ptdtiiatiah gudlity, f@céﬂ;ﬁ’éhe AiStobsh P8y need
appreci at ed, perfectly collimted beamof light (with diver gence of

zero) is QPPF ?@:‘dﬁqd reliniipried; MYious seen ﬁ‘Prﬁe(PtW”pW&cfPP%%"e%}Wﬁ@‘ﬂ neleﬁe
di ver genge b@fsu?f%rﬁ@'stTgifn%%Q?@éﬂl 6§th¥%b£e%ﬁvéj\‘érn's%l}l'§ﬁe

deviate fromthe | owest ver gence achi evabl or a given optica
set up. [ GOEBjeatlginigir ioiensnire th’cmm@wtim Wltbwthd@dtctmatlcefrdaaé{twndoeam 14A

into exp for
expand: naCR TR R TBRg Bler ey SRR 1B BB e PR

di anet er lérs wm geelatihelp [dvh eesohytioh, exmﬂm@aeirf Obbcﬁ@p@h&l@ryb@bwmﬂorof
t he focuzW g) VI ce Sﬁﬁ{é as ncroscope 28, so.that the back of the
obj ect i vé™MPe lti‘g 8IRY- i s overfilled to make full use of the
obj ective aperture Expansion lens 21 is a diverging |lens, also

referred[0868]s a negain s @mplancarNisodimett SBE Prégent mntldﬁ@rpcﬁe‘tﬂwﬂﬁx@n
i doubl e (bi) concave

| ens 211 the Ie s, surfa may be no- concave,

or concaPREHs 'Or['étﬁﬁ‘%'} ﬁ%{r?@éﬁec%ﬁl dyamieplyrdusingdhs sitice

obj ect i veehesisn thd é%b’éh&lbﬁﬂ'@ﬁ’s BPURS ILRBUShg FHRPES I0EkdaRBEr 20:- This
Expander objective |ens is a converging lens, also referred to as

a positi BejustpaDiiR aumatlcamécemleglw %’é@"@'f 3% Thadivesgenge dfens my

be | nor eSonteitd bBamCRlly Bbabod BYIHButTuoer 2o SR8 Sf Bridhs Ao, s
el ect r onibearNesn leomes 81l laed 280 Terepdiviergande obtdlimates! Hxesm 4Bl carEipsriser

20 i kZ€&:: i .

cont 1 gur oae3 Y BeRRA NP PR leel ik e8GR Es SLESURRES Rl ifin gy wp
beam 14B dfffectsctbe fec |dm@n‘oeaﬁIth@fcﬁ:ﬁépﬁinstrmmtomct;vmmﬁo SThus,yy due

to field f ect f t d bel

oot A R RE et 4 0 BN S Dk Oh e o
by a not e ofrest thé@ﬁebtadf%lc{ma@ﬁ@arr@t@iyyotabmeté tha¥ 8adisédfocamplHaé

t he di sta ce bet V\egl%expana on lens 21 and expan er objective |ens

23. The Pa'ﬁeesa HenReam Wais gt igrusbeam 14Gcler fosah RpBRFaR@Es 20
al so act %u8§ta?1ﬂalﬂninttﬁ@fcfda)/ réﬁéu%laﬁgoég?ﬁlﬂlhe |§%c§|%é%fcfﬁté&%e v 8drect

for any focal plane |stor?|on occur su ar ge
| ens el eosttiong h@ene&li%rowhe@ﬂeemﬂ 4 erscenaﬁfétma scon ppaﬁoameece‘é@ berarﬁe

physi cal wafateawag%% a%g@rswfb ﬁae%n tﬁépoacgévg{sa%lﬁggﬁ h¥&q

| ens 23 may be 1 ncrease ecrease roma | 'ance such
as 90 nmto be intraagrd bhe sbiabie sinze/rd ianisethe effectmfrfehttmvathemend to

distorti ,

repos t 1 SazBaS DA RasGuslRl BobAPHETIET TP AR P TR o h egpoge
not or . Dibstincreesiad]jties tivergenoa of &esimclientiagembyoithategi begant heBopt i cal
di stance between the two Ienses wi t hout changi ng t he physi cal

ermhoa re08he i antk 8Bt eikSaRs oFRETRANa s 2y bR ento

mm and tihes mesﬁeqnmed keyiesiistansebelikeenendss 21 bos 28 \cah%nﬁﬁanv
beam 14B) mm usted %%Jmt the di ameter of beam 14B may
vari ed t@samr%é%é e aigaialon baged BORESHREATY o e Pytieu'apepcR éefap The

M cr oscopg |t a@@ﬂ] Ly Aet glalcls [ AN,
20TM provi dedeb adn&alﬁyi%égﬂ?s devi ceerﬁgg bg’gdaggﬁ%?g Ytg(F:Ibgm ng

an RTCT" ‘ra@ﬁakhﬂa ey berrprdemevidpy wsnalvEnepgntiogiadeaitigle procuasansing

conpany.

be oot a1 o o8 LeiARt i SEN iR e RiqRD el ¥ 05y B

| n ot her ceneotly dHMQ;beawarsnaﬁ@‘-\gl trepvbduoedosticleBhaokichaviet 4 slaeqme dlesely
resembling the input drawing. If the shape of the produced article is deformed in
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[0045] A mirror 24 is placed downstream of expander 20 to direct
expanded col li mated beam 14B into a scanner 26. [0046] Scanner 26
re-directs beam 146 to scan beam 14B over a desired target region. A
gal vanonet er scanner nmay be used as scanner 26. For exanple, the
scanner may be a ScanCube7TM scanner provi ded by Scanlab. In a

typi cal gahivasawey ons GRBHE! thetdi@taﬁééﬂafﬁ WilIHeBd(tB Bk SRR ALY STraYn)
may be proyided, each driven a gal vanoneter. Each scan mrror 1s

i ndependé@!ﬁ%edaﬁmgk \alugy foF H@@yeﬂtcscae@pﬁlé'eﬂs Mey bsestargda sueeas in a
di mensi onnerhBHSnot %&&f&y@%@ﬁ E&r\ﬁ?l{?g i&g] ﬁé&% f2fih Htﬁ& AL LR e

beam across a two di nensional cusi ng eV| ce, 'suc
a m cr os¢épe pesitiong fosliateetbidenah and eam d'hesnarmn@rmaﬁalsﬁkcaamparate from

convent ;| AT iR BRGNS AR CIRiSkran AR BB s Bedaoens %ﬁaa?ored
t echnol ogiystaMe:datammag 2peratiopoh kithereshsandostesier g8rcad coatrbiaggs beam

14B ont f f a target mat |
[ 0048] M EECERN FuRRdisidh iy S5upbroton bits T Mokomept GfePuas  ens

does not paeed ochahdetdredBlskRitel dht®bhd He ¥@r&ft dcBnfe8sbhon properly. A
dry objective | ens can properly function when it is imersed in air

or anoth 6 S envi ronnent this enmbodi nent, a Nikon TM ELVD ai r
obj ect i vz ﬁrgﬁused of Senwle, éﬁ%élﬁt%@t‘i‘ata@ﬂ“ﬁéhe ??%iatéﬁd sgary positions
obj ect i vegayBy stbeewﬁﬁéitab%lfdrﬁ#ak eThi @%@ar@e\’&t? n%%&t Sg%% ésﬂ%]

obj ecti ves t hat have magnification factors o
20x, 50x lenghi valves or aReliffRipReGsTEom Apdnitial distanse) Fof instesse, tds\buelbali ve

lens are c%téncé)még’beaé‘gss%n%e o) 88 lhé' %biﬁﬁmb@y% @n{aa?ﬁd)b llcqoﬁ‘h%fscan

t hese objective ns are respe
0. 1x0. 1xp08ﬁ@9pwb®éeﬁme(ch¢ﬂ represmtadm)preé’smi lNﬁiﬁafredtrmammrectﬁove | ens

Focuses. ERAmPLE T 308 ortbcuBnS ik scaiostioRagr o e SRS pY B sghner
[ 8_050% Tamge‘or B@Sl’tltsn$ upmlhéreainbgdlmestaow éclzaB‘fposMitierﬂaylb@dﬂﬁéd &9 the
adj us is S sol ution stage or a

gall vanomgﬁ "&pio g‘&?ﬂ%d%ﬁoﬁ%ﬁ K73 rﬁ%}'g SRfIC] ?’EI%P?%‘@OWG@%W of
tar get 32)b;emm@ leﬁ*t% 403) Tiek sRAEHEYIonsIHAPAID RAdERHLd tﬁaméid&ﬁénéieﬁar

novi ng the tcﬁ@% .?@}oﬁort 34 can 12 npve target 3 | east al ong
the axi alo8IYRAtes ghthsriniceeant phthecprare gxisignd "é‘ﬁg@%’ﬂ tpiaSW 4fayFyyeexample,

conf i gur gttht Qliratigh @Fbiﬁlcéﬁéﬁ@?,o déﬁh r%\éei sak tﬂ%oﬁﬁédd?aﬁ‘la ddbripge

enbodi ments, support nmay be configure provi de trans at 1 onal
and r ot atitBFEPt MeYdieeireddp deﬁngéh\e szan pOSlflon of beam 14.

[0071] In one embodiment, to produce a 3D structure in a target material, a
3D drawing of the structure to be produced is broken down into component slices,
lines and dots. The target material is first fixed in position to form a slice of the
structure by scanning beam 14 using scanner 26 according to the input slice image
and by synchronized adjustment of the distance between lenses 21 and 23 to
maintain the beam waist within a plane that overlaps the desired slice during
scanning. The target material is then repositioned to form the next slice of

structure. This process can continue until the entire 3D structure is formed.

[0072] In one embodiment, the wavelength of beam 14 may be about 740
nm. The dry objective lens 30 may have a magnification factor of 20 and the
microscope 28 may have a field of view of 400 ym by 400 um. The spot size of the
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[ 0052] A canera 36 such as a CCD (charge-coupl ed device) canera is
provi ded for taking imges of the processed target and nonitoring the
operation of apparatus 10. Canera 36 nay be positioned to receive
light frommrror 22. [0053] A controller 38 nay be provided for
controlling the operation of apparatus 10. Controller 38 is in
comuni cabamnuaist & 1% perd ebin thadydie gsult 2Qhhioh Gedsh eThRUEHIRbT focus may
adj ust nent of %h@ di stance between expansion | ens 21 and expander

obj ecti v@elag’i%‘ Y34 reduce distortion (curvature) of the focal plane
of m croscope 28. Controller 38 may al so be in conmunication with one
or nore phoA;ser SORHrGEt rhdierialud hidly bBanPEARBR mafriaP YABOKH fitheand
canera 30, to receive input therefrom and may optionally control the
oper at i oRatigslas @pplicatiendess tisruesesdjarstiment may be control | ed based,
at least in part, on the position or location of the current beam

wai st, ofp@g)t he pasiddopARUBRo tdhgsb‘goﬁ%@r ﬁkrorr%hétHe?c%Ht‘?ol%‘F er

whi ch determ nes the p?l rection of eam axi s. For each give eam

di r ect i oghown) eraftivstiiae pesitiay oblergeiciZeat appraprateorijne ppsifiossmait ben

with the i t I jnat I ion
of the bt e Bl ind B SERTTMER I, BOEHRGI63 o500 B84 O

t he cor r psgmaddiengnd baggdhomslyoamit ispuiwetdived by cbotaltar@8. when t he beam
is scanned toward that location. In this regard, controller 38 may be

i n Commumpy ion w e ner, .26 to chr.oni ze
t he rmvemér?’t]of theﬂrzr%o!?@%lgszseé&fggg{qnﬁg@?&gr{%@%ﬂag(Nétﬁd:att"heéa}sgcéanqrhe '

m rrors imageacamureitoy ¢40&rd] 3Bomiay hle! camrdBnicaledito contiellex 38doput er or
ot her conputing devices. and may,al so jinclu software for controlling
Che - oper AR isrode A ER R BV RaR0l A5 bb Odar o DG er i oS
modi fi ediSEARysmegram This program can synchroni ze the notion of a
support stage and the beam scanning and can performslide by slide

scanni ng 55] Control | er may be an infegrated device, or b

o ovi ded 18P Pt ol Eie ol ah o SCTpBb eyt aa sk as ST a0
system 1ehhas a scan speed of up to 30 mis and a scan hei ght of up
to 30 mm The scan speed and scan hei ght nay be higher in other

mbodi di th t d. [0057]FIG 2 .
Cenomat QT8 Srouet Buf G P BRBO 201 A Eianing Beam) cab e asdiighas

In this aghahi ment, target 32 includes a target material 40
sandwi ched between a top plate 42 and a bottom plate (or substrate)

44. Top 42 a bottom te 44 are spaced apart by spacers 46.
[0058]As%ﬁfﬁstrate § $Fat resggz'?o'&foéwﬁéem Farpf Mern “?'ﬁ%dﬁéiﬂ%ted
beam 14Cobjdtavd et aft wahBeraehigh 210 WMol k0. ofinkerBm4n fogt the
mnimum (referred to as the beam's spot size). This portion of beam
14C i s r OPFVERUPB as its beam waist. In an enbodi ment of the present
i nvention, when the incident angle of beam 14B at mi croscope 28 is
varied byogrgnner 2AfthehhRahPslitRQ SUiffiGEntRRAEr 4%&1 nﬁl\kh%in%iﬁﬁilé?e%uhss@

14C al so noves within or close to a focal plane 48, S

per pendi NAVEIeNgE ehapasiuntiglfoguses iBtY e fermjseeioneof|taiget swterin 0t tvo-
aut omat i ¢RI S5dd i i I j tl&i/ {lg:]h
dynam ¢ (gdj ust nentr&&‘rpé%cgpﬁwgﬁ%ﬁ{égﬁﬁg%%@f 4@%@8%@%@% 'EE) In
an enbodias@oteinduned polysenrization et proneed hith di autfiiciestybdgmeatn. | enses
21 and 23 is dynamically adjusted to keep the beam wai st of focused

beam 14%6@3@;& SUbsyaRLEAL Yin By Sies Ao BRSh B&ymRiz¥idd pRBeLY A

descri be
infrared (NIR) light with high peak power is focused on a photopolymer. The

photopolymer includes photo-initiators that can form a radical when a single UV
photon is absorbed and the absorbed photon energy excites an electron to initiate
photo-chemical reaction. The resuiting radical will cleave the double bonds of the

unsaturated carbon bonds in the acryl groups of the monomers and oligomers,
18



[0060] I n use, system 10 is operated as follows. [0061] A beam of | aser
14 is produced by | aser source 12. The beam has a sufficiently high
peak and average power, such as larger than 310 kWand 2. 5W
respectively. Beam 14 has no wavel ength that will cause single photon
phot ochem cal reaction in the target material 40, and includes a
wavel engtshcedsaivelyscreaiingbéw radicalsr Thjg ehaingeaetidnnd deinrigatedovisndivon

beam 14 Wy gREERRIPES AL ARl BRUEOLR . e sPPEdniADE BRgt n o mmy
have a sisnghlanaauﬁy@rbgbmtw“ﬁhﬁ)r@eéﬁtmaR PR gt formetlic badical, Adthe ange

of about 70 b ut 1020 .nm pendln on the target materlal and
t he reacfP rfiio‘a*?@“%f@ytﬁ@%ﬂ&qum ‘P%ﬁ%@f‘aBPG’éB'ﬁf} QN Passes

through 'u‘ﬁ@étéftl% séﬁeﬁiﬁ@t&-@ﬁ‘é}nﬁﬁpi‘eta%ﬁorQ-SThé PRI 2y SRS §b§’dﬂétlon

reflected light fromgetting into | aser source 12, and can thus

prol ong (CAB bE |erp@tr¢>ﬁ@a%rd byatherfollonving equatiorshutter 18 is control | ed by

controller 38 to selectively stop passage of beam 14 t heret hrough.

The maxi num shutter spgg Y2 be bel ow 110 MHz in sone applications.

[ 0063] Beam 14A is dj yror 22 to expander Rfuatioxgander 20

produces an expanded aﬁﬂfpc&ﬂcﬂmt ed beam 14B. The beam w dth of beam

146 is larger than the beam w dth of beam 14A for exanple, by about
be sel ected to

4 b 10 dth of b 146
bal gngeogﬁwt@?g@ﬁ WQQ%‘%'F%’ t?ﬁ%“ﬁ SR P EPIGaIn (e JrgRLalER 6 ghor
f d t,
motor 2ed TQROROHE LA AR AR oS Fif G AP ORIRTP Ao ger's BRGNS on
may resulf i e \A?ér%?ﬁas%? mI “P4ssc? I?lﬁg&m fec%?%ré&gs&?gmo\ﬂ th 'S

wi der than't I'amet er o I'npu erture in"mcroscope

14 passef’rlubﬂfpﬁﬁ%‘molé@:u@sdﬁrthe @?g@tr}ﬁb%ai £0'S; 23 138 dufAeH @gcllu %’%@r 23

[ 0064] The expanded beam 14B is directed to Scanner 26 by mrror 24.

[ 0065] Scanper 26 re-directs and_scans beam11146 onto target 32 through
mi cr oscofé!Sgs far® ISbieEttYRate A hsoasHe m 1260 @"?Q)BI?S%‘G“B?OWF%Qst fve
|l ens 30 onto a confined volunme, the focus tegion, in target materi al

40 whi ch is thetm{citaiion waselength (bytml samgis pmztcnmbs@#ptmmwavmemgth), His tbey

xposed’ C8ot Pt ol b Rhd RLSRe el cbPvis hidediibeSiil®a0 T ocuses

expanded and col limated beam 143 |nto a focus region in the target
mat eri al [@@81]When |/As gan bpdetamirddcimemtise abevelsmaiatldhha dmaamum!cstofof

focused heam 14C can SI. ni fi tl viate fromt ne 48 of
by oct; vaipahoten Ao oliafe b aaiecteriaTee bt b Frtoh e ot <

| ocat i onghemicd)eesdtignichih@Btr Wehig é@m&ubs:é@@ﬁ itAk iyl fegoh drben® h@oe
of the product forned. ldeally, beam 14 should be focused onto focal

pl ane 48 beaghvaishde C@PS%@M@W Fhangpawithip gh %@&U%@glama@utmoé RHisig g
axi s 50 ghchiegei B@%am@%e?&mbhem@r@%b%tdﬁ aliRfpltsh @&g?@ttﬁ@k&t&hat

the beam wai st is kept sufficientl’y close to a plane
subst ant ireg@iPy is ¥potlpe tpicares sn@@lflbaatrﬁtmturgl ¢eageed.he PoesEITIUE, tWoo

i mpr ove gf B%Céﬁéyf’ ﬁ}gﬂg\ﬁ(ﬁ% cBﬁﬁr]\e G i Ctﬁlé gé}cﬁfsqggﬁ?t ni}gggmﬁc?s Bng

reduced m na suc corre r'égi on
woul d needsmall btmTrsufoififm a&xi$ bf/tl'@rrdjjecta{ademéaerSodxflytsp@akmrg th”eaqyrobabmty

o o S b B S RL E bt e SHB b

focal pl ah@fdbaSbmht bﬂhe@%@ﬁ%ﬂérﬁ?ds*ﬂﬂﬁsér inhsibjite6if ha€ alR@gratict h a
relati ve%@l ow resol uti on such_as dry objection | ens, can be used

for two eBACGEP R BYIAL %f@ﬂa%hgfymp@% emolaweéaa‘éh@r‘w regipBdin et of
the pr esgﬂ%ﬁdrﬂm&pm cdPb&Bbba 10-Bcate g igne 1di Bhaaki ek {)l%b‘é@fﬂ

correcte nam cal adj usting the distance between the expansi on
|l ens 21 émng 3 omcq@pﬁ@qnemmam mare eirplermier adargemmriomdf hetaximoef the

aut omat i %%l éc¥4v§ (Péhtsr 915 litqg omf/ e?ﬂf?xtc{lgrjv BP{hegfgserTﬁ%ngtW whRfs t?l?n linearly
dependent on axial distance.
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[ 0069] The anpunt of increase of the divergence for a given |ocation,
and thus the required I ength of distance between | enses 21 and 23,

can be initially estimted by cal cul ati on based on optics theory for
the particular optical setup. The cal cul ated | engths can be further
fine tuned or verified by calibration. For exanple, the calibration
may be cHIO82¢d out Asya rassitialf the iwospleaton agsemtian/ekdtatiopricitiatedd usi ng

10 h he, d
2" s pbeSE TP RS e s S aR R ROA R Lot b e G
shoul d heegrbraoﬁt’é nfdies&l40. rHsesBldtnal &l’i‘mxgef‘c@lﬂ\tlndrj@é\ﬂcﬁ@mldaﬂ strii&ural
shape of the p ced article is deformed in gqlons away from axis

50, " the BhaidmBEVRISH SUAPIa RBEadR OTfthul bRSHURBEFharge Fhe b§é’!%’?!?ed
ength Vel oRidIO MihbRiGE! BREaNsPRT-bhABR 288 g‘ﬂ@n Bh/ SSurS WA hih |

a nmenory (not separately”shown) in control i n"associ ation W|th
t he respebebiitsipdhe fosistregins, hosigniicent $tBICﬁlirél/d13f@ﬁleU§éCUWSldﬁﬁl‘ﬁﬁ y

Ty, al S0ii6sSEnsh 268 i W [EABTHRLER Akt Rasieniield £ 3%

so that cont can atcess store ance
operati otargetrmaienhmo casiehus the muk exgi@Binciarget omdteddl 400 8- Ddtrustlxremt

of the dist nce roni zation Wt f, scanner 26
based on®fh&® 4“53(?% D@Y%ﬂ@é’eaﬁwyﬁ?&qm@nﬁﬁg é;ﬂfqggieé 8nosi ti on.

[ 0070] For exarrpl e, the distance data and the associ ated scan

posi ti onf0083} be stldweeskialMmevdansditef trar foetis redien dithihaanet dedtariaredp ibe

G ot ancesofapilRnes Byaaaiao g silGrofhe Abnachrayeb Rt it abie
produci nexigrsoagFiobiadtive |61 30. MEhS taheaiisal Tieehestl op @ folcQs ré@an bﬁchm

defined or represent ed/ expressed in different manners. For exa

in some iBeldnAisRab40 {srccomatished by r%ﬁlrﬁﬁwgd@%ﬂﬁﬁé&rwsqwegggﬁher
i rror pashd ir@ifbarh B S44eSs981edh BEGHSns | REARSRN 1BAS|ESABRmEA may

defined by the direction of beam such as relative to the optica
axi s of W@b@@ﬁ@ymr@}aﬂ@bﬁletmrptaélonelngomnenm syppert 344n theoplenemy

21150, be. Yahbnethiiy tidosp s B MRl RIS gont BphBRRIASP!

of the beam axis an cal r exa
di rect i ofthase m@\temamsm;sbeseffe&edeﬁffanmﬂyas}:arrwamm|aaqa( nfmevexrgnt may

coor di nat.es e u o_define. the ) ition
of beam %?%_eﬁ% r}%q{%ﬁ gﬁ'ﬁ%éﬂﬁi@ﬁqne (?%gﬁl% cgu‘gb %f)ggt%%ﬁ%t“[ﬁg?l n a
t ar get rm’soswn@near&lar@loat\mangadm‘&ﬂgrmememeqew enitrosbepep2®uced i s

br oken down into conponent slices, lines and dots. The target

mat eri al ¢1 4§II‘S'[ xed 'Q g)OSItIé)n § formgI slice 01;} thﬁ strwcgture

by scannt ";8 eam 1 %‘%‘?"H& 0 OFHAPRreORed RSN A 88 CHWePisHTY P

'Zgﬁgedaggeit@%f nmena ﬁgso msZﬁtglmt;MJetnl]ﬁMTﬁdﬂIld elicit he om§1ﬁme ttﬁg?wwﬁge ltl?ﬁzets o
an

st o SPICVE e alpetaReS o] Comtenaligao! et Semensiaad the 168t

repositi engekidios fefuel e mexiized.| &8 p%fnescﬁéw%wlecoﬁeaéd @Pﬁﬁmngan
continue until the entire 3D structure is forned n one

enbodi nefdrget %I%@lerr@%& FRbbe peadinus lﬁﬁ@aeegébeﬁtzesmdﬁmesrﬁet &Ry
bj ect |
i o oscoRs BaTatit [BHg ¥ EnT AR b bbE s SRRl 10ls AP NEnd

si ze of theier beammsar@t toaaomeneomtmﬁmn@laiavtcelsaﬁ Haaescabcameed gch ssan| ess.

be- any. st Pl R UBhIT (R, B onB st P bp M S P

di scussedithography. tebma’%ﬁwhpmmﬂe%}ecﬁwedmtsra:rbllmd]dmyemm;r@d\l\/@ﬂér 3$her
not shown, ust t

anot her cont oJ r .posi tion, of t 32 as
appropri éP%n gﬂ‘i‘oé‘??? GRRVEHE ”Bleteﬁ ‘ﬁ‘éﬁfse'&qlﬁ%l%é’ eu?’éZéerOft ﬁﬁtg?ﬂ

aut omat i Gpdpi¥tsHRIAnE ifdehi dRirfetBr Gfﬂﬁé%gm%r@é}{he@@%ﬁc@@%%ﬂ% éb’é)ut
dynam c i nput recei vedog%ﬁcont roller [ 0075] The procéss can

moni t or ed MA. rlegystenmd Heguirepantg dor amectivadeges 3¢ apt neleap wcfc%ﬁfi@ra

oil immersed objective lenses used in the conventional techniques. Thus, a wider
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[ 0076] The speed of beam scan across target 32 can be as high as 30
m's. [0077] The scan hei ght (along axial direction of the beam can
be as high as 30 mm [0078] The scan resol ution of system 10 can be
varied using different objective |lenses and can be as high as

0. 1x0.1x0.1 (in mcron) with 100x magnification. [0079] When beam 14
with a ssblectioreot olevidre I¢hearmianbensitiyn systdms10.t\Alhlea anA©NeEBgISEd @
spectrun1|s focused into the fo

f t 40,
o phot i SHEBT pPP SHUUEE RS (el HRyRRRTStE Zh PRV i atsurinap
react i ong|gaity @cﬁwtm%mwél mB@h¥iBRIdZatd RiBolitibh cBh®eeathicvelih a
sufficiently high rate. [0080] For instance, in a typical two-photon

pol yner i MihPeaippbiedssivrabiechiveieas autwanpiRgton liegrapvrennligationsak
power is focused on a photopol yner. The phot opol yner i ncl udes

phot o-i nijgaggiors t hﬁtadﬁﬁl'anf sté%rﬁ 1@%5\9% p‘?@\ﬁ@e@mh“&e@ 0PRSS 1S

absor bed and the absor bed photon energy excites an electron to
i nitiat e fyidion, dendes @’rstphlrlgémqtl@m anthéewg% arraying. ragpe &inafipns makedlv e

the  doublesbgiads Bl eaKIFRHEALSHEAPABAANGE ol Bob RS BETY Indr ouPs

of the noners successi v
r adi cal s.traﬁlai/ea'sahhremtlo&sactl on is term nated when t wo chal n radical s
nmeet and react with each other. The sane initiator can sinultaneously

absorb t her ent 0 i ned
phot on e\rtg(g%]@ from%‘#@gp\%& %aﬁ 82@%:%%{% Iggﬁgehr&g? ﬁgtkdn g?‘}e%@ P(P)%g?o

i nitiat e cohpasadr phot watehanmeedion basdd wo-pHdten peahivdduidsi ty of

t wo- phot on absorption can be approxi mated by the foll ow ng equati on,

P2 (NA ne[‘00§7] 2 a V§ystér}1210 m%y %hef\nc')aélﬁz‘&]uwhlle S'[l]( re)caining one or more of the
benefits described herein. For example, laser beam properties may be varied in
different embodiments and for different applications; and some components or
devices may be located at an alternative position and still serve the same functional
purposes. For instance, in different embodiments, camera 36 may be placed
elsewhere and may receive reflected light from another point in the optical path of
beam 14. Isolator 16 may be integrated with laser source 12. Shutter 18 may also
be integrated with another optical component, such as laser source 12 or expander
20, or placed downstream of expander 20. Expander 20 may be provided as an
integral unit or as an assembly of muitiple units. Other suitable expander devices
sucH as other suitable devices provide by Scanlab AG may be used as expander
20. Different optical path of beam 14 may be selected, using more or less mirrors
and by placing mirrors or other deflecting or reflecting elements at different
locations in the beam path. In different embodiments, the objective lens of the
microscope may face different directions. As the objective lens is not immersed in
a liquid such oil, the optical axis of the objective lens may be substantially aligned
with the vertical direction, or a horizontal direction, or any other direction.

[0088] In a further example, system 10 may be operated in a manner
different from the proceés described above.
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where rit, is the probability that a certain fluorophore in the
target material 40 sinultaneously absorbs two photons during a single
| aser pul se, Pthe tinme average power of |aser beam 14, 02 is the

nol ecul ar cross-section of the fluorophore nolecules in the target
material 40, r, is the duration of each |aser pulse, fp is the
repetiti qooggjt e of Udser bagee 12Miayalsb Herebkicad withearfdtigarkys@ oSlighit ) |,
27z- is the eXC|tat| on wayel gﬁgth ( r the SI gée phot gn absorption
wavel engtSRYICeAVRIEN CRR PEGY, Ot%ﬂ?cpf legiepeitieri cal
aperture of objective |lens 30. [0081]As can be determined fromthe

above eqyegdon, a qpRFRGESNGBLEdINNES, @hyb@ﬂc@@mmw@?@@m@tmh as
phot ochem cal reaction is that sufficient phatochem cal reaction can

occur wi tHERS.dANR6AE iIMIEMEsEHIN, dtﬁf@r@n?@@uaeﬁsef%@xamﬁa@a@héer@éaav e
wai st, t SANSE I, ot
out si de 3) rﬁe foc%%érsgg‘%@seggg@%’uﬁgqépﬂsogg :alr(if"ﬁf/bl@ f‘e\%ﬂ%ﬁrﬁ%o?
absor pt i endinesi igerovide tiwz desirasigfubetidns t oo | ow to cause signifi cant
struct ural change The focus region in two-photon absorption is

axi al | y {ined. T, . ext .
smal | ? of tr{'g@&égi‘?@a’ gkhﬁ% obj et%’te\lgb/'gﬂ I@s&rﬁ’aﬁﬁﬁ%ﬁ@‘gﬂv@e
Speaki ng madie ibe dbaii popgriiot or iavplbiesioalmoy pe vkt abonanie sk

ff t f f t
obj cati v bRt Eincon BB Y At S8MIbE 18 uBfaih SPich™®
dependenc&etmentam?} bel pmbad@?ani ;spntaﬂ:&dta) byint bh?xe\fﬁalgﬂﬁ?rtgt ahdilimefyd@etl]s
region in two ot.on absorption can be a C or s. In,.
cogt r ast lntpgr@tc%ryygg@ﬁq 8  altgady| shopRdp %ﬁga'l')s%bﬁ‘%ﬁp'?eﬁ%‘?ﬁ@%&p@cm
stabl e OWmﬁtbw%tm‘é&tmé}?bgfprd\}'@ecﬁw ifpPbvd e pifoRebhdEof BBSYyshn, t
is only a function of the laser intensity which is in turn I|nearly

dependentin@ydiag pherratian radeistion poegaciignawWhekaihe aberefen may-smarhssical,
absorpti %W%k%ﬁﬁo‘n?éinc‘ Hi {Healkgd phot ochemi cal reactions, a desired
structural change will occur within the focus region of target

material 40. The structural change can include chem cal structural
change, dRY¥cal st'Whep m?fareraﬂeaﬁ@@deo‘fp abalﬁﬁe smﬁ!éagﬁrfia@qhnme eyl
can be vi t
absor pti ob? @n 35&88%:%%% B'L%t‘ﬁ %ﬂproog%lg ty I'n the%ggﬂ% i?ée}j‘é? (\SVEIStno
si gni fi cdram &efecalpiane ah@mgan Wicktiong may heunsyitible ard froydse m@gn%mblesy
Carger mikeraele e fico bt o BTRR kR 1 Bl shlleure)
3-0 str ucieﬁa@slmiaa fimsmdqntudml it Fﬁaysbqohotm'alsls r#Eycaimebe:mrlafrsﬂobddfoby
controller 0083 movengnt o
Caruer, mivestical PO AEeB g berB N b el B sBRHIo bEER Ftahd e ng
t he axi alst@ictugs farareddly tWeeplegtbh @dbor@xibs irfeicedl pebintsitzatién h@rysoe?P 4ghe
tar et materi a

transversa ve t of the focus regjon,

acconpl i s%%ag'éyafe tgﬂﬁaé}?c ?%d’”@é‘ﬁ%”ﬂ%‘ﬂ%‘i%b%’ﬂe? FectuEe E@QHC%‘I‘H@“"k
beam to &H@%@ﬁn&n'v‘!&sﬁﬁﬂ&l%béﬂ W‘Iﬁrn tﬁé%éél ONAle, HUSASHR! Gith BPIRTIEB M
may be achieved by translational or rotati onal novenent of support 34

in the pliaaeaticaies perelisetup. t Hwsoptsherid kexirdastos! tadsjicistiol sesessanso.
I n di fferﬁ&t E@J%‘? ta betéé?&ffemvr%gﬁmt %%%vgﬁeﬁ{ ﬁ%?@gm waist ta
exanple, axia ecte y

di fferent novenment nay be e c angi ng
the f ocalwumlma@eofneﬁmal bma, Furthier,abiebip mdpwaltachgal(hmmabvns]gt roag not be

I 28
e appr edioarble BT RIS e Sholinalis SRRNiaschvars wiens sl e
As no i Mt argebnwmnaialﬁm asthetrdforesshtrfdl Bd uhderstarey Bet, mn@ﬂ%&mc@e
| ens, the chance for co&gge&ratl on of focusing elenments and t

target ndf &pesiedite offs Cypvaiupg sHect A gyeniocatian @rfppwhesbeam
corr ect echt@ypedtidrakityn tl*n@f@@;@f pI9RE ] 1?@'3@&‘&’%%& WiTthB S8l Bdthce, the

increasing-the sizes of devices that can be fabricated using system
beam is focused such that the beam waist is within a tolerable distance from the

ideal focal plane. Therefore, for the purposes of this invention, it should be
22 -



[ 0086] System 10 can provide relatively high production throughput as
conpared to oil or water imrersion based two-photon techniques.

[ 0087] System 10 may be nodified while still retaining one or nore of
the benefits descri bed herein. For exanple, |aser beam properties my
be varied in different enbodi nents and for different applications;
and sone undeptrehthat the Ideaticveof itivy bbamIveaisitzed cahsidsreal todrenaithin @ plane
position and still serve the sane functional purposes. For instance,
1 a1 T oMaiRn Bro gt Ferrely BERBrAP SRS ALy R THPLUe P Bl RSt Rege
receive rsefthgoher did nidr@ RoANBlRandRaSho hbté g PREL 6RthePRiidhedf
beam 14. Isolator 16 may be integrated with | aser source 12. Shutter
18 may alPsedusé i ntegrated with another optical component, such as

| aser source 12 or expander 20, or placed downstream of expander 20.
Expander 1ggodiay be a4 evipdafinés dtthd peSehGhvattioh Qichas éeoxﬁﬁéﬁfi&«\ y of
mul tiple units. Qher suitable expander devices such as other

sui t abl e dgsotikrsshgredvinay haye Sareusappiicatienys ibenarediffaeerd dipldaddor 20.
Differ e“tinsgé’ﬁéec,%e B goﬁiio.%eﬁ]%%‘é d%ﬁ fBngBﬁ%&Foﬁne&sb‘ﬁéH 180k (Less
mrrors and by placing mrrors’or other deflecting or reflecting

el ement s 180 ron f devicas, ahd oadyi o ssedint seenibesdugiatihdudtry (@i d. fasrdbrect-write

enbodi nent,s, the objectiye | ens.of the m ¢croscppe . face different

G rect | ontoosePliHB8 e T pistlEie RroR st st e fterortait

oi |, the cpigop@htsaunits |Ofintdipateld] srelitVdevicaRs forfabitatisH RS tamddre; iry

aligned with the vertical direction, or a horizontal direction, or

any ot her?f@?‘% (ecth for (SR RLS RheigpicEystaiz and C&!’%%t"_@hﬂ‘éﬁ%"&} B

oper at ed JuanfurNRR&bnEsS; fi@ﬁﬂ@bs%ﬂrﬂiﬂsﬁ??e.@f RESSISiCHASAOF hebrakave.

[ 0089] Laser source 12 nay al so be replaced with another type of |ight

sour ce whraegdislesprlbopiins micse-diansteiyisteviesshforfabrieation girdpeanqragter-

[ 0090] | ns@?fefrﬁfc?égle& SRS syﬁ%ﬁﬁ.(@@d\'ﬂ?%n@hﬁﬁ@é\%a@gmég rfié8l %gste‘n
ed in di mpl e,

such as a ens, nay e | nmpl enen erent nanners. or ex
each | eng NS odevimesy indiegichsrototyping lirelustrn $¢.gafor cisp diu rapidl eradptypinga

Punot on EOOBIFIEARAEENER BnpepaRlnd i 8 RlHtSicolE ChfbE oarals
Bl aced 1 1o Al g the. baam patD 1o par Lot a fanceLon. deery ed for a
G ven apdif LR iBe 2aMeREdl chBRm B e hadfe be bl aced at
any suitable point of the beampath, and nmay be integrated with an
el enent gboe4idy shoBambple &tiGeshndfdavices avgpé éabrivatid by tvad-phptoncal

elements or features nay be prqvided to.jnprove.th erfo ce of
the syst crrePiiBPAMERY USis SRR CORRASONS S SER L RE U, SRNURIEcER ST
aberr at i GiosamRe prdthetd gl show@ i FIGS. 8N4 8TBAd 6. Te daMBplkipk&ducts were
[ 0092] When reference i s na such as a focal plane,

[ .made to a pl ane it
shoul d bdotmertwith adasemight with waveslergth gHabeutat 1lopm ang yhaverage laser
di spl aceniifer abbgt fgam wai st fromthe focal plane at certain
| ocati ons may be i1 nevitable and may be perm ssible. For exanple, if
the slight displacenent does not result in unaccegt abl e structural

def ects ilR09%ke fi ni Qe featyerse Penefits gag ag¥anigpes abihe embodimente
understo ; ot | whe bepd YRl ' :
suffici e%syﬁ@%%gé\%ﬁ)h?ﬁ%x %%éyﬁ%ﬁgne, ? g%st r uctgﬁgér%(t)drdr%rjefaorg;ms

t wo- phot otesahiitorpandihe drawiress polhpee skiled irotherasly be substantial ly the
sanme as, or even indistinguishable from a structure produced with

t he beam pAgé stri Vv Pl : :

dept h of fpg%ﬁt for @Elég%%gtﬁ%u é’?’géfp??? ?ﬁ%éés)@? é%ﬂe%ﬁ%gréjtﬁfe rtdr%gtl}?g)ebe
under st odbustiadite iohlyi anchiotnaneay Smiting. tTet dadeabed strdndindatsarbesusceptible
sel ected tto restrig_t t he rﬁverrent of th? Feam Z&J’fsf to vvithig 8 A
geonet ri cRIMPPARATEaHaNS! LTSRN OF Beits-HatallS 379 QidebR5OPSliRRy
not be popi ilEntich, $atheE lis iSRS dhabmpaus bll sheh nidufide@amuiirsits

scope, as defined by the claims.
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[ 0093] An enbodi nent of the present invention such as a conposition
descri bed herein may have various applications in many different
fields. For instance, the conpositions my be used for fabrication of

3D nanonWﬁAﬁémlesﬁ? ) nr’r) devices, and may be used in

sem conducto g. as direct-wite Ilthogr aphy machi ne, for

oo, PR TERK e Sy SO R S AR SRS

phot oni cs (&ngpngl,qd processing photonic crystals and other optical
structures, and quantum el ectroni cs) in wireless industry (e.g. for

fab t f t |1 -opti t
tovi cos) | 1 or PIEIIG AROBH o8 Matr rbeameams &pebbarterahie naroa
system ( MEVS) (a8gh)ac)Re ﬁmdti@ﬁsmw%la@?éas%%m hNﬁé@laﬂ%lgmmwrbf at

rapid prototyPl ng |ndustry (e.g. "for use in rapid prototypi ng systens
and devi ces) ; laast 65@5@ar@hgna(@eethmr(/letegha\ﬂog af (ateth izgrylate f@mctuvrs@lﬁseon

Tndustri es (e o FRER BB e AT Rio SR BRRIGTERD bFEnol A

chiral conpoupdpisphandl ft:iehd & kBotdififQdl:Sampl e articles and deV| ces
were fabricated by two-photon stereolithography using exenplary

conposi tions @grse SRAR r re
shown in FIGS. 3, fﬁg)ﬁgegﬁ{@ﬁlfghtﬁgkﬂsf% %Qgﬁ(?rﬁoot%?g WergIsl @rlﬁgg&w (ﬂ

| aser |ight wphhtoaw artmmepmmrsauﬂ ftamsmegmo an:htbusl palymaarinatige of asielr
power of about er features dvant s, of
Phe- embod nenME AR SREHORUS &rdiShot “EVBIEtt §F ERTeDnBRNBRTIRTEL T pe
under stood fr gaucBisaidiensprdtbh @bsaRfliohns s@i@Wa‘?éﬁalbé(nd hose skilled in
the art. [0096] Of course, the above described enbodi ments are
intended to b { i t T

descri bed enbgcééﬁrrrgﬁﬁ i‘sSéglr Eéélésanl] g%léép()st g:- n?aotﬂﬁqaa}r’]‘@c%& Iﬁ?lt{):%&) rg nésb?ec];te? g attern
arrangenent obo flattsaid deaai isoauspdoodiifereht ppesalectsd regims, m/ﬂftdu.ucen
rather, is intepded. t 0 ss, al | modi f i ion withinits
scope, as def Pﬂ&ﬁ‘%&zafﬂ gﬁgr aterw_@ Sff“g q{%%a‘it’ §991SA et hod of
processing a material to forma three-di nensional article,

conpri si &g: The oethiichgf clajnmdt ocnmpeibing reatosing b Lnflemiymrizigd portion of said

gog((jrrgt %?rﬁ%éng ﬁa&aéﬁg%m egfp gt?l%djgépe%g| Q[Hus c;r¥n|r(1)5 Sgltd tlh?eaes-t

ur et hane( MdimeasionaphRriclavi ng a (rret h) acrylate functionality of 2 to
4 and a MWof 400 to 10,000, a di(nmeth)acrylate nade from bisphenol A

or bisphenal F; and a photaoinitiator; focusing a beamof lig .
focus r eél o?h%meémdm%!@w ilagr alaim %dﬂb@red%aﬂhﬁﬁtﬁﬁlaéﬁg@lpﬁﬁﬁ%ﬁ tPr?Os‘éﬂ/d

f ocus regi § ORRUS
region, a %f&%ﬁo@EHévﬁ '&@‘%%ﬁd g@?’ﬁé’ se ect e(}ﬁ%hé#m%tﬂ&a?ﬁglgt%

t wo- pr ot on &bwt%piﬂsard dilmeth )dcryidter ard 0. latod1 @ eavinofreaic phdidi@tatoacr oss
said material according to a pre-selected pattern so that said beam

pol ymor: Jat 1 B sn &P R & Pefelh Soi SRS U SYRINAE 5 WL n he rapge

met hod of cdraigm td,12@Pri Si ng renoving a un- poI ynerized portion of
said material froma polynerized portion of said material, thus

formng said three-di nensional article. 3. The nethod of cI aiml or
cl ai m 2, SwhEremetked af any ene &f clebnprli toek vehargirpgridigateriakegraprises 5 to 18

pol y(rret h) ﬁgo of sai d urethane(neth)acryl ate, 20
to 80 M%W%g?gg'gl ﬁ% %tﬁg ;%g e and 0.1 to 10 wt % of said
photoinitiator. 4. The nethod of claim3, wherein said

pol y( et B) artiey hattiiodhafamy bhé iofi cldivas ratods vitier880sdid mMa@fal comprises 20 to
50 wt% of said urethane(meth)acrylate.

7. The method of any one of claims 1 to 6, wherein said material comprises 35 to

55 % of said di(meth)acrylate.
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5. The method of any one of clains 1 to 4, wherein said materi al

conprises 5 to 18 wt % of said poly(nmeth)acrylate. 6. The method of

any one of clains 1 to 5, wherein said material conprises 20 to 50

wt % of said urethane(nmeth)acrylate. 7. The method of any one of

claims 1 to 6, wherein said material conprises 35 to 55 %of said

di (et h) d&r Vhamethodof ameoneeofaaimst 1 tnY), Wikreor said aiaterial compiisesviiéo 8i n

said material, I 8 w % of said photoinitiator. 9. The

nmet hod of C@#%?%Bxgrpﬁ@?%{ﬁ%&%r, wherein said material conprises 8 to 16

wt % of said poly(neth)acrylate, 25 to 45 wt % of said

ur et hane(Sethe amtlyddokclaid01 po cBim &, Whefeis said rdaienat tyrapisdsa ©, 1Gwio 3
1

to 7 wt % of _sai. hotojnitiator,. 10T t hod a e of .clal

to o, "wner ePietid PRV Sty Bler vp 40 ds ek Sl ese prdh Rt R Bedlae, A F
The net hod 56 wedeaifaiddi(mbeairflataiatdd & tormeiioh af sxidaitdifitiatorl xt ur e of
et hoxyl at ed bi sphenol A diactyl ate and et hoxyl ated bi sphenol A

dinethacrylate. 12. The net hod. qf. any, one of clains. 1 11 wherein
sl d scanh oe s Sacenmn et i peuirrat e anigetegiag &

pre- sel ect efhopaifeftdribigbigtic.e pol ymerization at pre-sel ected regions
within a first layer, and subsequently scanni ng said beam accordi ng

to a second_pre-sel ected, tern to i.nduce polynerization at
pre- sel ec1_t1eER‘F Elﬁﬁ : 0{/\5??‘(}0% ’awré%@&ﬂa‘ﬁj giz@e.ﬂ%?@g"ﬂﬁ% ‘%FH’GHreo?f claim
12, wher ei ne@akfalddrsisptttiol Aldia@ i teSahdeGRXABELISES I ArBmeinakrifat -

14. The nethod of claim 12, wherein said first pattern and said second
pattern are_jdentical, 15.The nethod of any one of clains 12 to 14,

wher ei n s%-a;‘% axhethgt a7y erg ebelaing bigdi YMesreyesald sernied FRYPESRS i n

nore than t¥esixessd BeamPd&of@hgtd alfirst He-SBR cIRE it rto MA¥coNe of
claims 1 to 15, erein said beam has a spot size of about 2 ,um or

| ess at sai BOWGEHsaiRyRidlEe-seRclethegirnshyihipR fishiaysreand subsaawenty t o
16, wher ei nsSHrfhd 844 DebRAQIrAIAG té'a SBLUE pR s480HY phitdh BRIk | €ss-

polymerization at pre-selected regions within a second layer.

13.The method of claim 12, wherein said first pattem and said second pattern are
different.

14.The method of claim 12, wherein said first pattern and said second pattern are
identical.

15.The method of any one of claims 12 to 14, wherein said scanning is repeated to
polymerize selected regions in more than two layers of said material. "

16.The method of any one of claims 1 to 15, wherein said beam has a spot size of
about 2 ,dm or less at said focus region.

17.The method of any one of claims 1 to 16, wherein said focus region‘has a
volume of about 102 cm?® or less.
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