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Deformable, Programmable, and Shape-Memorizing

Micro-Optics

Hangxun Xu, Cunjiang Yu, Shuodao Wang, Viktor Malyarchuk, Tao Xie,*

and John A. Rogers*

The use of shape memory polymers is demonstrated for deformable, pro-
grammable, and shape-memorizing micro-optical devices. A semi-crystalline
shape memory elastomer, crosslinked poly(ethylene-co-vinyl acetate), is used
to prepare various micro-optic components, ranging from microlens and
microprism arrays to diffraction gratings and holograms. The precise repli-
cation of surface features at the micro- and nanoscale and the formation of
crosslinked shape memory polymer networks can be achieved in a single step
via compression molding. Further deformation via hot pressing or stretching
of micro-optics formed in this manner allows manipulation of the micro-
scopic surface features, and thus the corresponding optical properties. Due
to the shape memory effect, the original surface structures and the optical
properties can be recovered and the devices be reprogrammed, with excellent
reversibility in the optical properties. Furthermore, arrays of transparent resis-
tive microheaters can be integrated with deformed micro-optical devices to
selectively trigger the recovery of surface features in a spatially programmable
manner, thereby providing additional capabilities in user-definable optics.

1. Introduction

Shape memory polymers (SMPs) are smart materials that are
capable of memorizing temporary shapes and then recovering
to their original geometries via external stimuli such as heat,
light, and magnetic field.l'” This feature creates potential appli-
cations of SMPs in biomedical devices, electronics, self-healing
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materials, smart adhesives, and deployable
structures.[*1] Whereas the macroscopic
deformation and recovery of SMPs have
been extensively investigated, the ability
of SMPs to memorize and recover sur-
face features at the micro- and nanoscale
has recently attracted more attention.['®-21
Although essentially all polymers tend
to erase their surface features at elevated
temperatures (i.e., temperatures above
glass transition temperatures or melting
temperatures) to minimize their surface
energy, they cannot recover their original
shapes without a shape memory effect
(e.g., by introducing crosslinking).l%2?
Therefore, SMPs hold potential in micro-
optics where surface features at the micro-
and nanoscale are involved, and reversible
or programmable control is required.
Micro-optics based on surface relief
structures have emerged as an exciting
research area in the past decades. Many
commercial products are presently available.?>?4 Glass, fused
silica, quartz, and acrylates are the most common materials
used for these technologies. As a result, micro-optical compo-
nents are generally structurally rigid and not deformable. For
certain applications, however, deformable and adaptive optics
are desired to allow real-time optimization of their optical per-
formance. Elastomeric optical elements that can be stretched,
bent, and compressed to control in ways that allow useful levels
of control over the optical properties have been demonstrated
using polydimethylsiloxane (PDMS).2>"?/l Here, we demon-
strate that an optically transparent elastomeric SMP can be
used to fabricate micro-optical components, including micro-
prism arrays, microlens arrays, surface relief gratings, and
holograms, with the ability to switch between as-fabricated and
programmed (or temporarily deformed) configurations. Unlike
elastomeric optics fabricated from PDMS, in which continuous
application of force is required to maintain a given shape distor-
tion, SMP optics retain their temporary optical function in the
absence of mechanical loading. Furthermore, spatially program-
mable micro-optics can be achieved by combining elastomeric
shape-memorizing micro-optical components with transparent
heater arrays of indium tin oxide (ITO), which can trigger the
recovery of microscale features in a selective manner. Our
approach to fabrication of these and related micro-optical com-
ponents is based on simple, single-step molding techniques,
and can potentially produce more sophisticated elements by
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Scheme 1. Chemical structure of poly(ethylene-co-vinyl acetate) (left frame) and schematic illustration of the replica molding process used to fabricate

shape memory micro-optical devices.

precise control of the applied strain and the geometry of the
ITO heaters.

The elastomeric SMP used in this work is obtained by
crosslinking ~ semi-crystalline  poly(ethylene-co-vinyl  ace-
tate) (EVA) which is a low cost commodity polymer widely
used in industry (the chemical structure of EVA is shown in
Scheme 1).281 While most semi-crystalline polymers are hard
at room temperature, EVA is soft and flexible with a room
temperature modulus of 15.9 + 1.6 MPa.?!l Due to light scat-
tering at boundaries between crystalline and amorphous regions
in polymer networks, semi-crysalline polymers are usually
optically opaque. After radical initiated thermal crosslinking,
however, EVA is highly transparent (Supporting Information
Figure S1). The transparency is due to the low crystallinity and
the fact that the crosslinking prohibits the formation of relatively
large crystals that interfere with visible light transmission.?®!
The crosslinking also reduces the melting point (T;,,) from 74 to
63 °C. The crosslinked EVA (cEVA) is soft with room tempera-
ture and rubbery moduli being 15.9 MPa and 1.7 MPa, respec-
tively.?8] These unique mechanical and optical properties make
it ideal for deformable, programmable, and shape-memorizing
micro-optical devices. Fabrication of cEVA micro-optics fol-
lowed a process illustrated in Scheme 1. Uncrosslinked EVA
polymer was homogeneously mixed with a radical initiator
(dicumyl peroxide, 3 wt%) using an extruder at 90 °C. Forming
features of surface relief involved crosslinking while compres-
sion molding against a PDMS mold (130 °C for 30 min and
170 °C for 1 h). This process permanently imprinted microstruc-
tures onto the surfaces of cEVA thin films. Cooling the samples
and then peeling them away from the PDMS completed the fabri-
cation. The thermal properties and shape memory characteristics
of the base cEVA can be found in our previous publication.®!

2. Results and Discussion

The scanning electron microscope (SEM) images of a micro-
prism array, a microlens array, a transmission grating, and
a white-light hologram, all on cEVA thin films, appear in
Figure 1. These permanent microstructures can be deformed
to temporary shapes by mechanical loading at temperatures
higher than T;,,. The temporary shape can be fixed by decreasing
the temperature below T, under constant mechanical loading.
Removing the mechanical constraint and raising the temper-
aure above T, again allows the immobilized polymer chains
to relax to their lowest energy state. This process restores the
original microstructures.

Figure 2a and 2b show scanning electron microscope (SEM)
imagesofadeformedandrecoveredmicroprismarray, respectively.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. SEM images of surface relief microstructures on several rep-
lica molded micro-optics: a) a microprism array, b) a microlens array,
) a transmission grating, and d) a white-light hologram. (Insets show
macroscopic optical images of the corresponding micro-optical devices,
collected under ambient lighting.)

The recovered microstructure is identical to that of the orig-
inal cEVA film (Figure 1a). Due to the low modulus of cEVA,
the microstructures can be easily distorted by compressing
against a flat quartz substrate at 105 °C for 5 min. Cooling the
sample to room temperature under the compressive force, fixes
the deformed shape. The original microprism array recovers
quickly upon heating at 105 °C for 1 min. This prism struc-
ture acts as a retroreflector for light that enters from the flat
side of the film (Figure 2c).2>3% Compressing the relief elimi-
nates this reflection mechanism, thereby rendering the thin
film transparent (i.e., the light can pass through the thin film)
(Figure 2c). The cEVA film with flattened microprism arrays
(50% compressive strain measured by change in overall thick-
ness over orginal thickness of the film) exhibits transmittance
>60% in the visible region, compared to a value less than 0.8%
with the original (or recovered) microprism arrays (Figure 2d).
Full 3D finite element analysis for a unit cell under 50% com-
pression appears in Figure 2e. The results (Figure 2e and Sup-
porting Information Figure S2) indicate that the cEVA under-
goes maximum principle strains of up to ~116%. Figure 2e also
shows that, under the compression, the film expands in the

Adv. Funct. Mater. 2013, 23, 3299-3306
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Figure 2. SEM images of a a) compressed (50% strain) and b) recovered microprism array. The original shape is shown in Figure 1a. ¢) Schematic
illustration of the total reflection effect of a microprism array. Compression causes the deformation of the corner-cube structure and light can pass
through the polymer film. d) Transmittance spectra of an cEVA film with microprism arrays under a shape memory cycle. ) Finite element analysis on
a unit cell of the microprism film showing the original shape (white dash profiles) and maximum principle strain contour on deformed shape under

50% compression.

lateral directions and increases by ~25% in area from the orig-
inal shape (depicted by white dash profile in Figure 2e). The
geometry of the deformed shape agrees very well with experi-
mental observations (Figure 2a). Supporting Information
Figure S2 shows side views of the microprisms under different
amount of compression. The simulated results indicate that the
extent of microprism deformation increases as the applied com-
pression strain varies from 0% to 50%, therefore increasing the
optical transmission. In a manner analogous to the analysis of
bulk SMPs, the degree of the microstructure recovery (R,) for
the microprism arrays can be quantified in terms of the optical
properties ast R, = Irecovered/ Ioriginal? where Lrecovered and Ioriginal
denote the intensity of light transmitted through the recovered
and original cEVA film, respectively. The transmission spectra
of recovered and original cEVA film are identical, throughout
the visible range (Supporting Information Figure S3). In other
words, R; is nearly 100%, consistent with full microstructure
recovery (Figure 1a and Figure 2b).

The intensity of transmitted light as a function of the com-
pressive strain appears in Figure 3a. The results show that the
intensity increases from 0.8% to 70% at A = 500 nm as the
compressive strain increases from 0% to 67%. In this sense,

Adv. Funct. Mater. 2013, 23, 3299-3306
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the cEVA film acts as a light valve, controlled by compression.
The behavior shows good reversibility; switching transmission
values between 0.8% and ~50% (A = 500 nm) occurs with good
repeatability for ten cycles of compressive strains between
0% and 25% (Figurer 3b). Figure 3c illustrates the optical (or
shape) memory cycle of a cEVA film with a microprism array
as a light valve. Before compressing, the microprism array on
the cEVA film was intact and its light valve functionality was
in the “off” state, i.e. transmission was low. In this configura-
tion, a logo placed beneath the cEVA film could not be seen.
Upon compressive deformation, the light valve was turned
“on” and the logo became visible. After heating, the com-
pressed microprism array returned to its original structure,
thereby turning the valve “off” again, and making it impos-
sible to see the logo. This process can be repeated multiple
times. An alternative approach to controlling the transmission
involves stretching the film (Figure 4f). Figure 4a—d show
SEM images of the microprism array under different ten-
sile strains. The three reflecting faces of each prism undergo
asymetrical deformation as a result of stretching. As the ten-
sile strain increases from 0% to 400%, the transmitted light
intensity increases from 0.8% to 18% (Figure 4e). As with
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Figure 3. a) The dependence of the intensity of light transmitted through a thin cEVA film as a function of compressive strain. b) The transmittance
of a thin cEVA film as a function of repeatedly applied 25% and 0% compressive strains at A = 500 nm. c) Optical photographs to show the optical
response of cEVA films with a microprism array. Due to total reflection the “lllinois” logo behind the original cEVA film is invisible, but after compres-
sion the “lllinois” logo can be clearly observed. Upon thermal annealing the microprism array recovered to the original shape and the “Illinois” logo

disappeared again.

compression, the stretching and the corresponding change in
transmission are fully reversible. It is worth noting that the
ability to fully recover strains as high as 400% arises from
the low crosslinking density of cEVA.?8l Figures 4g,h show
finite element analysis results for this case: the deformed
shapes and strain contours of a unit cell (Figure 4g) for dif-
ferent levels of stretching agree well with experimental results
(Figure 4b-d). The maximum principle logarithmic strain
reaches ~200% for an overall stretching of ~400%. Figure 4h
shows decreases in the heights and slopes of the microprisms
with increasing levels of stretching. These changes enhance
the transmittance of the films.

In the SMP community, the term programmable gener-
ally means that a particular strain can be introduced (or pro-
grammed) by the deformation step in a shape memory cycle.?!l
Here we show that this programmability can be extended in a
spatio-selective manner by controlled patterns of heating. Thus,
the programmability here refers to the electronically control-
lable spatial recovery, in addition to its conventional definition
for SMP. To demonstrate the concept, arrays of transparent ITO
micro-heaters are integrated onto the back surface of the micro-
prism device (see the Experimental Section). The micro-heaters
can be individually activated to trigger shape recovery and a
corresponding change in optical property at the location of the
heating. Figure 5a shows the sequential heating of different
regions of a compressively deformed microprism array using a
3 x 3 array of ITO heaters. Before selective heating, the sample
exhibits a spatially uniform transmittance of ~50% in the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

visible range. Local heating induces shape recovery to the orig-
inal microprism geometry in less than 1 min, to yield a trans-
mittance of less than 0.8% in an overall pattern that matches
the heating (Figure 5b). One of the key features of this program-
mable device design is that the induced temperature change
by an ITO heater does not activate its neighboring areas, for
the dimensions reported here. A more sophisticated heater
system could afford enhanced levels of control. A simplified
axisymmetric heat conduction model (Supporting Information
Figure S4a) can be used to identify important design param-
eters for the spatial limits of the programmability (see the Sup-
porting Information for details). The temperature distribution
is obtained analytically and is shown in Figure S4b for corre-
sponding experimental data (see SI for details), which agrees
well with experimental measurement (Supporting Information
Figure S4c). Both experiment and theoretical prediction indi-
cate temperatures of ~100 °C in the center of the heater. For
the purpose of programmability, maintaining the power input
on one ITO heater, should not affect neighboring regions. The
steady-state temperature is also obtained analytically in the Sup-
porting Information. Let r; = L //7 denote the characteristic
size of the ITO heater, L being the width of an ITO heater, and
Lgpace the spacing between two adjacent ITO heaters. Program-
mability requires that the temperature at r = ; + Lyp,c. remains
lower than the shape recovery temperature T, and the tem-
perature at r = r; is larger than T,,. Therefore the scaling law
governing programmability is obtained analytically as (see SI
for details)

Adv. Funct. Mater. 2013, 23, 3299-3306
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Figure 4. SEM images of a microprism array under different tensile strains a) 0%, b) 100%, c) 200%, and d) 400%. e) The dependence of transmitted
light as a function of tensile strains at A = 500 nm. f) Stretch can distort the corner-cube structure and light starts to transmit through the polymer
film. g) Simulated microprism film under 100%, 200%, and 400% stretching and h) corresponding side views.

r (Tm_:’;)ks

where ¢ is the heat flux into the cEVA film (related to the power
input, see SI), k¢ is the thermal conductivity of the cEVA film,
and f (x) = [f;° [Jo (n%) J1 (n)/nldn Jo, J1 being Bessel functions
of the first kind. Equation (1) restricts the lower and upper
bounds for the normalized temperature. Figure S5 shows
the scaling law in Equation (1) for normalized temperature
(Tm — T.) ks/(qr;) versus position r/r;. It is clearly shown that
thin cEVA film and large spacing promote programmability.
For a specific shape memory material, the heat flux q and size
of heater r; must be selected to ensure that the normalized tem-
perature falls into the programmable range. Using the experi-
mental data of Ly, = 1.5 mm, T, = 30 °C, T,, = 80 °C, the
normalized temperature for the current design is 0.55 and lies
within the required range. If the normalized temperature is con-
stant, for heater size of r, = 0.15 mm (pixel size of a high resolu-
tion LCD display®?)), the scaling law predicts the lower limit for

Adv. Funct. Mater. 2013, 23, 3299-3306
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pixel spacing to be Lg,c = 11 um, which is sufficiently dense
for a high resolution display system. It should be noted that the
ultimate resolution of this kind of programmable micro-optical
device is also limited by the size of an individual prism.

The capabilities illustrated in programmable light valves can
be applied to other micro-optical devices. For example, micro-
lenses are widely used to couple, collect, image, and detect light
in microfabrication, optoelectronics, image processing, and
digital displaying.**”] SMP micro-optics provide a route to
dimensional programmability in such elements. To illustrate the
possibilities, a microlens array (MLA) with a pitch of 250 pm and
focal length of 425 um (Figure 1b) was replicated onto a cEVA
thin film using a commercial MLA. The structure of a com-
pressed (25% strain) MLA (Figure 6a) shows that the hemispher-
ical shape can be uniformly flattened. Upon reheating to 105
°C, the original microlens structure was recovered (Figure 6b).
The original and recovered microlens had identical heights
of ~20 pum, suggesting full structure recovery. Full 3D finite
element analysis captured the maximum principle strains
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Transmittance spectra of a deformed block (50% strain) and a recovered block. ¢) Schematic
illustration of the programmable light valve before and after recovery via selective heating.

and deformed shapes of the microlenses.
Figure 6e shows the strain contour under
25% compression, where the maximum
principle strain reaches ~16%. Figure 6f
shows that the lens is totally flattened under
this compression, consistent with the SEM
images. To demonstrate the optical perform-
ance of the SMP based MLA, we monitored
the change in its imaging properties using
an optical microscope. A black mask with
the transparent letter “A” was illuminated
with white light; the focused image formed
by the MLA was then projected onto a CCD
camera.®8! An array of the reduced images of
“A” were clearly observed, as shown in Figure
6¢. The size and shape uniformity in the char-
acters indicate a corresponding uniformity in
the microstructures and focal lengths of the
microlenses. To further illustrate the tunability
of the SMP based MLA, a deformed MLA was
assembled with a circular ITO heater. Acti-
vating this heater led to spatially localized
shape recovery and restored ability to focus
light. As seen in Figure 6d, only those com-
pletely recovered microlenses project the letter
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“A”. This study clearly indicates that elstomeric
SMP based MLA can be programmed and
tuned into more complex optical components.

This shape memory elastomer can also be
molded with surface relief features that have
sub-micron dimensions, such as grating struc-
tures. Figure 7 illustrates the deformation and
recovery of an SMP grating with a grating
pitch of 300 grooves/mm and dispersion
angle of 17.5°. The permanent grating struc-
ture can be deformed at 105 °C; the resulting
shape was fixed by cooling to room tempera-
ture before releasing the pressure. After defor-
mation (~25% compression), the height of
grating features decreased from approximately
~600 nm to 95 nm, which agrees well with
a value of 88 nm obtained by finite element
analysis (deformed shape showed by dash
lines in Figure 7h). In this state, the strong
diffractive color under white light illumination
disappeared. The deformed grating quickly
recovered to its original permanent shape
after reheating at 105 °C. Similar to the anal-
ysis of bulk SMPs, the degree of recovery can
be quantified as: R, = Hecovered/ Horiginal, Where
Hiecoverea 1S the recovered grating height and
Hgriginal is the original grating height. From
AFM measurements, the average height of
the recovered grating is ~570 nm, indicating a
95% recovery. The optical performance of each
grating structure measured in a transmission
mode was also examined (see Supporting
Information Figure S6). The transmission
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Figure 6. SEM image of the a) compressed (25% strain) and b) recovered microlens array. The
SEM image of the original microlens array is shown in Figure 1. ¢) A microlens array projected
‘A array. d) A partially recovered microlens array projected “A” array (structures were recovered
by a transparent circular ITO heater). e) Simulated microlens under 25% compressive strain
and f) corresponding side views.
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recover nearly 100% in all cases, in consistent
with our previous publication.?®]

3. Conclusions

In summary, a series of deformable, shape-
memorizing micro-optics have been dem-
onstrated using a shape memory elastomer
(cEVA). The cEVA is transparent in the visible
range, and it can be replica molded at various
micro- and nano-scales simply and with high
precision. Through shape memory program-
ming, the microstructures of the micro-optics
can be altered at both the global and local
levels, in a spatially controlled manner. Such
changes can be reversed via heating, to trigger
shape recovery and restoration of optical func-
tion. More importantly, these micro-structure
changes translate directly into changes in
various optical properties, leading to a new
generation of programmable micro-optics.
The programmable nature of the micro-optics
can be further manipulated via the additional
integration of transparent ITO micro-heater
arrays. The individually addressable micro-

finite element analysis).

grating shows strong diffraction in the as-fabricated state. After
deformation, weak or negligible diffraction occurred. After struc-

tural restoration via thermal annealing, the
recovered grating exhibited the same optical
performace as that of the original. Therefore,
the structure of this shape memory grating
can be modified by mechanical deformation to
modulate the optical properties, and, in some
instances, bring new functions.

Finally, as an example of a sophisticated class
of micro-optics, the same procedures can yield
SMP holograms. A shape memory cycle of rep-
resentative element appears in Figure 8. The
holographic pattern on the SMP film (Figure 8a)
can be erased by compression against a flat
quartz substrate (Figure 8b). In this configura-
tion, there was no visible holographic effect; the
film was simply transparent. As shown in Figure
8c, this colorless SMP film can quickly restore
the original holographic pattern via heating.
AFM measurements were used to assess the
degree of recovery using R, = Hecovered/ Horiginal-
Since the height of a holographic pattern varies,
the R, values were measured from 12 different
locations in the same pattern. This leads to an
averaged R, around 90%. This relatively incom-
plete recovery is largely due to the difficulty in
identifying the same spot to do precise meas-
urement of small features, rather than the
intrinsic inferior recovery. In fact, we observed
the macroscopic dimensions of our samples

Adv. Funct. Mater. 2013, 23, 3299-3306
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heater arrays introduce a mechanism to
precisely and selectively control the surface
micro-features and the associated optical prop-
erties. Our approach to programmable micro-optics is potentially
applicable to other types of thermal responsive smart devices.
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Figure 8. Shape deformation and recovery of an SMP hologram. Optical images of the

a) original, b) deformed, and c) recovered hologram under white light illumination. Topo-

graphic AFM images of the d) original, e) deformed, and f) recovered holographic structure.

The corresponding height profiles are shown below (g—i).
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4. Experimental Section

Preparation of PDMS Molds: Retroreflective tapes (Jogalite), diffraction
gratings (Edmund Optics), microlens arrays (Suss Micro-optics), and
holographic Nickel shims (AuthentiBrand, Inc) were purchased from
the corresponding vendors and used as received. PDMS molds were
prepared by casting PDMS (Sylgard 184) pre-polymer against the
original optical components followed by curing at 70 °C for 2 h. The
resulting PDMS replicas were further treated with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane (Gelest, Inc) overnight under vacuum and
washed with acetone, isopropanol, and water before use.

Preparation of SMP Micro-Optics: Poly(ethylene-co-vinyl acetate)
(EVA, 25 wt% acetate) and dicumyl peroxide (DCP) were purchased
from Sigma-Aldrich and used as received. EVA and DCP (3 wt%) were
mixed using a micro twin screw extruder at 90 °C and then molded
into a rectangular shape via micro injection molding.?”} Compression
molding was performed in a dry pressing die set (ID = 25 mm) under
a constant weight (500 g). The uncured EVA polymer was held against a
PDMS mold and thermally cured (130 °C for 30 min and 170 °C for 1 h).
The crosslinked EVA sample was cooled to room temperature and then
carefully peeled off of the PDMS mold.

Fabrication of Transparent ITO Heater Arrays and Integration with
Micro-Optics: Transparent ITO (100 nm thick) coated substrates of
poly(ethyleneterephlatate) (PET; 125 pm) with a sheet resistance
of 60 Q/sq were obtained from Sigma-Aldrich. Patterns of ITO and
gold interconnects (200 nm via sputter coating) were defined by
photolithography using AZ 5214E photoresist. Etching of the exposed
ITO and gold used a Tin Oxide/Indium Tin Oxide Etchant (TE-100,
Transene) and a gold etchant (TFA, Transene), respectively. The entire
PET sheet was then bonded onto a thin film of cEVA SMP micro-optical
devices with a layer of spin coated optical adhesive (NOA 68, 22 pum).
Illumination with UV cured the adhesive (Black-Ray UV lamp, 15 min).
An Agilent DC power supply was used to power the heater arrays.

Optical and Structural Characterization: SEM images were collected
using a Hitachi S4800 field-emission scanning electron microscope with
an accelerating voltage of 5 kV. Thin layers of Au-Pd alloy (Emitech K575
metal evaporator, 25 s coating) deposited onto the samples prevented
charging. AFM images were obtained using an Asylum Research MFP-3D
AFM in tapping mode. Transmittance spectra were recorded on a Cary 5G
UV-vis-NIR spectrophotometer. Optical images were acquired using a Nikon
D90 or Canon EOS 1D Mark 111 digital camera. Infrared (IR) images of the
ITO heater arrays were collected using a QFI InfraScope Il IR microscope.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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