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ABSTRACT: 4D printing is an emerging additive manufac-
turing technology that combines the precision of 3D printing
with the versatility of smart materials. 4D printed objects can
change their shape over time with the application of a stimulus
(i.e, heat, light, moisture). Light driven smart materials are
attractive because light is wireless, remote, and can induce a
rapid shape change. Herein, we present a method for
fabricating polymeric bilayer actuators via 3D printing which
reversibly change their shape upon exposure to light. The
photoactive layer consists of a poly(siloxane) containing
pendant azobenzene groups. Two different photoactive
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polymers were synthesized, and the photomechanical effect displayed by the bilayers was evaluated. These bilayers exhibit
rapid actuation with full cycles completed within seconds, and photo generated stresses ranging from 1.03 to 1.70 MPa.
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B INTRODUCTION

The incorporation of smart materials into a three-dimensional
(3D) printed object that enable its reversible transformation
(e.g, shape) in response to an external stimulus is referred to
as 4D-printing. This technique was recently developed by
Tibbits et al."”> They fabricated objects comprised of a
hydrogel and rigid plasticc. When immersed in water, the
hydrogel swells while the plastic is unaffected. With the aid of
3D-modeling and precise placement of both components, the
expanding hydrogel causes the object to change its shape. They
created 4D-printed objects capable of 1D to 2D, 1D to 3D, and
2D to 3D transitions via bending and folding motions.” With
their technique, the hydrogel serves as the active material,
while the plastic is a passive component, and the stimulus is
water.

Ge et al. developed a different 4D printing technique which
relies on printed active composites (PACs) to enable a shape-
change in their objects.” PACs consist of glassy polymer fibers
embedded in an elastomeric matrix. The glassy polymer fibers
exhibit the shape-memory effect. The shape-change is achieved
by the standard thermomechanical programming steps for
shape memory materials. The original shape is recovered by
heating the PAC above its glass transition temperature (Tg).
PAC:s are capable of bending, twisting, and curling motions by
adjusting the fiber orientation. These PACs were also
incorporated into larger 4D-printed objects. Six rigid plastic
panels were connected by PAC hinges to demonstrate a 2D to
3D shape change. By using the thermomechanical program-
ming steps mentioned above, the initial 2D object was
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transformed into a cube.’ In this example, the PAC is the
active material, the rigid panels are the passive component, and
the stimulus is the combination of heat and mechanical stress.

Since their work, there have been many examples of
multimaterial 3D-printing being implemented to produce 4D
printed objects for various applications. " A recent review
covers the 4D-printing process and shape-changing mecha-
nisms of 4D-printed objects comprehensively."' Out of the
many examples of 4D-printed objects to date, most rely on the
swelling of hydrogels or shape-memory effects to cause a shape
change. Using light as the stimulus for a 4D-printed object
would be an attractive alternative because light is remote,
wireless, spatially precise, and sources of various wavelengths
and intensities are readily available. Photoresponsive liquid
crystal elastomers (LCEs) are a well-known class of materials
that can reversibly change their shape when stimulated with
light."”~"* They are comprised of a cross-linked polymeric
network which includes photosensitive liquid crystalline (LC)
mesogens that can be located in the main chain of the polymer
or attached to the polymer backbone as a side group.'®~"’
Common photosensitive molecules in these LCEs are
azobenzene (AB) derivatives. The trans isomer of AB is a
rod-shaped molecule while the cis isomer is bent. Irradiation
with the appropriate wavelength causes AB to undergo a
trans—cis isomerization. In LCEs this isomerization induces a
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Figure 1. Fabrication of a photoactive, flexible thin-film bilayer actuator via 3D-printing.

phase change from an initially ordered LC phase to a
disordered isotropic phase, which causes a contraction in the
same direction as the LC director. The original shape can be
recovered by switching AB from the cis isomer back to the
trans isomer by either thermal relaxation or irradiating the LCE
with the appropriate wavelength of light. Alignment of LC
mesogens is achieved in monodomain LCEs by mechanically
stretching partially cross-linked thin films while performing a
second cross-linking step to fully cure the samples.”” Another
method of LC alignment is the use of command surfaces in
contact with the reaction mixture during the synthesis of LCE
thin films.”' ~** These alignment techniques present challenges
when trying to use additive manufacturing to print stimuli
responsive LCE objects. Research efforts in this area recently
demonstrated that shear forces generated from extruding
viscous LCE precursor ink could be used for LC alignment
while 3D printing thermotropic LCE objects, although the
LCE ink must possess specific rheological properties to achieve
LC alignment during printing.”**®

Herein, we present a simple method for 3D printing
polymeric bilayer actuators (Figure 1) that require only light
input to achieve a reversible shape change. One layer consists
of a photoactive poly(siloxane) containing pendant azoben-
zene groups, which we refer to as the active layer. LCEs that
consist of poly(siloxane)s containing photoswitchable groups
have been extensively studied, but these materials consist of
cross-linked polymers.”® By omitting the cross-linking step we
obtain linear polymers to use in the active layer which are
soluble in common organic solvents (e.g, toluene) and
therefore can be printed from solution via syringe 3D printing.
The second layer, which we refer to as the passive layer, is
comprised of commercially available Kapton polyimide thin
films. We used polyimide thin films to serve as the passive layer
since they are flexible, inert to most organic solvents, and have
desirable mechanical properties. The bilayers are fabricated in
one step by printing directly onto the passive layer which has
been precut into the desired shape and fixed to the print bed.

Irradiating the bilayers with the appropriate wavelength light
causes a trans—cis isomerization of the AB molecules in the
active layer. Due to the size difference of the AB isomers, the
isomerization requires a free volume increase of the polymer
matrix, which results in an overall volume expansion of the
active layer.”” Under the correct conditions, this photoinduced
volume expansion creates a strain gradient between the active
and passive layers large enough to deform the bilayer. This
shape change is reversible because when the light source is
turned off, the AB molecules undergo the cis—trans isomer-
ization, returning the deformed bilayer to its original shape. In
these bilayers, the shape-change relies on the volume change of
the active layer, not the alignment of the AB molecules within a
cross-linked polymer network as is the case for LCEs. While
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the overall volume change of the active layer is small,””** it can
be amplified into large deformations using a bilayer actuator
configuration.””*° Also, we do not cross-link the polymers in
the active layer so we can use relatively simple and inexpensive
3D printers when compared with the multimaterial 3D printers
commonly used to make stimuli responsive objects. We
synthesized two different light responsive polymers to serve as
the active layer and compared the behavior of the resultant
bilayer actuators to explore this method.

B EXPERIMENTAL SECTION

Materials. Polymethylhydrosiloxane (PHMS) with molecular
weight (MW) 2100—2400 g/mol was purchased from Gelest, Inc.
Dihydrogen hexachloroplatinate (IV) hydrate (H,PtClg, 99.9% metals
basis) was purchased from Alfa Aesar. 6-bromo-1-hexene was
purchased from Oakwood Chemical. Toluene (Fisher Chemical)
was freshly distilled from Na/Benzophenone ketyl prior to use.
Anhydrous dimethylacetamide (DMAC) was purchased from Alfa
Aesar and stored over 4 A molecular sieves. All other chemicals were
purchased from either Sigma-Aldrich or Alfa Aesar and used without
further purification. Kapton Type 100 HN nonadhesive sheets were
obtained from Cole Palmer. Light emitting diodes (LED) used were
ultramarine royal blue LED (440—44S5 nm), CREE XP-E green LED
(535 nm) purchased from Rapidled, and a high-power single-color
UV LED (LED Engin) (365 nm) purchased from Mouser Electronics.

(E)-[4-(hex-5-en-1-yloxy)phenyl](4-methoxyphenyl)diazene
(M1). 4-Methoxy-4'-hydroxyazobenzene (12 g 52.6 mmol) was
dissolved in approximately 70 mL of DMAC. Potassium carbonate
(10.9 g, 78.9 mmol) was added in one portion with stirring. The
reaction mixture was heated to 95 °C. After 30 min, 6-bromo-1-
hexene (8.6 g, 52.6 mmol) was added dropwise. The reaction was
kept at 95 °C under an atmosphere of nitrogen overnight. The
reaction mixture was cooled to room temperature and then poured
into ice-cold water. The precipitate was collected by vacuum filtration
and was washed with water until the washings were neutral to pH
paper. This crude product was recrystallized in 95% (v/v) ethanol to
give gold colored plates, then dried at 60 °C under vacuum to yield
13.8 g (85%) of M1. '"H NMR (500 MHz, CDCl;) §: 7.90—7.85 (4H,
m), 7.03—6.97 (4H, m), 5.85 (1H, ddt, ] = 17,] = 10, ] = 7), 5.14—
4.97 (2H, m), 4.05 (2H, t, J = 6), 3.89 (3H, s), 2.16 (2H, q, ] = 7),
1.85 (2H, quint, J = 7), 1.60 (2H, quint, J = 8) (Supporting
Information (SI) Figure S3). HR-MS (APCI): m/z caled. for
C1oH,;0,N, ([M + H]*): 311.1754, found: 311.1757.

N-ethyl-N-[2-(hex-5-en-1-yloxy)ethyl]-4-[(E)-2-(4-nitrophenyl)-
diazen-1-yllaniline (M2). 18-crown-6 (420 mg, 1.6 mmol) and finely
ground potassium hydroxide (4.46g, 80 mmol) were added to 40 mL
of tetrahydrofuran. Disperse red 1 (5.0 g, 16 mmol) was added to the
reaction in one portion with stirring. A solution of 6-bromo-1-hexene
(3.26 g, 20 mmol) in 10 mL of tetrahydrofuran was then added
dropwise. The reaction was stirred at 30 °C for 16 h. The volume of
tetrahydrofuran was reduced to approximately 20 mL on a rotary
evaporator. The reaction mixture was diluted with 100 mL of DI
water and transferred to a separatory funnel. The product was
extracted into dichloromethane, the solution dried with anhydrous
sodium sulfate, filtered, and the solvent removed on the rotary
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evaporator. The residue was purified by column chromatography
using hexanes/ethyl acetate (5:1 v/v) to give 3.91 g of M2 as a red
solid in 62% yield. "H NMR (500 MHz, CDCL;) &: 823 (2H, d, ] =
9),7.85—7.79 (4H, m), 6.69 (2H, d, ] =9), 5.71 (1H, ddt,] = 17,] =
10,]=7),4.92 (1H, d,J = 17), 4.87 (1H, d, ] = 10), 3.56—3.53 (4H,
m), 3.47 (2H, q,J =7),3.38 2H, t,J =7), 1.99 (2H, q,] = 7), 1.51
(2H, quint, J = 7), 1.37 (2H, quint, J = 8), 1.17 (3H, t, ] = 7) (SI
Figure S4). HR-MS (APCI): m/z calcd. for C,,H,,05N, ([M + H]*):
397.2234, found: 397.2232.

Polymethylhydrosiloxane-g-(4-methoxy-4’-hexyloxyazoben-
zene) (P1). A Teflon stir bar and M1 (8.0 g, 26 mmol) were added to
a flame-dried 250 mL round-bottomed flask which was transferred to
a glovebox under a nitrogen atmosphere. To the flask was added
chloroplatinic acid (10.6 mg, 26 umol), PHMS (1.6Sg), and
approximately 130 mL of toluene. The flask was sealed with a rubber
septum and transferred to a fume hood where it was heated to 100 °C
under nitrogen for 24 h. The reaction was cooled to room
temperature and precipitated into 1 L of hexane. The crude polymer
product was collected by filtration. The polymer was then purified by
repeated dissolution in a minimum volume of dichloromethane and
precipitation into hexanes until no trace of M1 was detected by thin
layer chromatography (TLC). Yield of P1 was 7.15 g (74%) of a
yellow-green powder. "H NMR (500 MHz, CDCL,) &: 7.75 (4H, s),
6.85 (4H, s), 4.70 (1H, s), 3.80 (5H, m), 1.68 (2H, s), 1.35 (6H, m),
0.51 (2H, s), 0.15 (3H, s), 0.06 (3H, s) (SI Figure SS).

Polymethylhydrosiloxane-g-N-ethyl-N-[2-(hexyloxy)ethyl]-4-[2-
(4-nitrophenyl)diazen-1-yllaniline (P2). A Teflon stir bar and M2
(3.69 g 9.3 mmol) were added to a flame-dried 100 mL round-
bottomed flask and transferred to a glovebox containing a nitrogen
atmosphere. To the flask was added chloroplatinic acid (3.8 mg, 9.3
umol), PHMS (598 mg), and approximately 35 mL of toluene. The
flask was sealed with a rubber septum and transferred to a fume hood
where it was heated to 100 °C under nitrogen for 24 h. The reaction
was cooled to room temperature. The reaction contained a small
amount of insoluble material which was filtered off prior to
precipitation into 300 mL of cold hexanes. The crude polymer
product was collected by filtration on a glass fritted funnel. The
polymer was then purified by repeated dissolution in a minimum
volume of dichloromethane and precipitation into hexanes until no
trace of M2 was detected by TLC. Yield of P2 was 1.97 g (46%) of a
dark red solid. '"H NMR (500 MHz, CDCl,) &: 8.17 (2H, s), 7.76
(4H, s), 6.62 (2H, s), 4.17 (1H, s), 3.40 (8H, m), 1.48 (2H, s), 1.24
(6H, m), 1.11 (3H, s), 0.4 (2H, s), 0.04 (6H, m) (SI Figure S6).

3D-Printing. A solution of either P1 or P2 (8—10% w/w in
toluene) was loaded into the syringe. The syringes and dispensing
nozzle (25 gauge) were made of polypropylene (McMaster Carr).
The printer speed was set to 200 mm/min and the height of the
printer nozzle was adjusted manually at 0.25 mm above the Kapton
film. The printer nozzle and substrate were set to room temperature
of 25 °C. A simple rectangle measuring at 6.20 mm in length and 20
mm in width was designed in Creo Paramtric 3.0, converted into G-
code, and uploaded to the 3D printer for the 3D printing of the
bilayers. During printing, the nozzle moves in a rectilinear motion on
a line-by-line basis to create a homogeneous layer of either P1 or P2
on top of the Kapton substrate (SI Movie S1).

Instrumentation. An Agilent 8453 spectrophotometer equipped
with a diode array detector was used to collect the UV—vis spectra.
Samples were prepared by spin-coating (SCS 6800 series) thin films
of P1 or P2 onto precleaned quartz slides from a 1% (w/w) solution
in THF. Differential scanning calorimetry (DSC) was performed on a
TA Q:-100 series instrument using aluminum sample pans (DSC
Consumables, Inc.). 'H nuclear magnetic resonance (NMR) spectra
were collected on a 500 MHz Varian INNOVA spectrometer in
deuterated chloroform (Cambridge Isotopes Laboratory). The spectra
were either referenced to the residual chloroform signal (7.26 ppm)
or a tetramethylsilane (TMS) internal standard (0.00 ppm).
Photogenerated stress was measured using a TA Instruments model
2980 dynamic mechanical analyzer (DMA). Measurements were
taken in constant strain mode using an oscillation amplitude of 50 ym
and constant static force of 40 mN. A 3D bioprinter, Tissue Scribe,

from 3D Cultures was used to perform 3D printing. Light intensities
were measured using a Newport model 1916-C optical power meter.

B RESULTS AND DISCUSSION

To realize our 3D printed light activated bilayer actuator, we
first synthesized linear poly(siloxane)s containing pendant
azobenzene groups (Scheme 1) to serve as the active layer.

Scheme 1. Reaction Scheme Employed to Synthesize Shape-
Changing Polymers P1 and P2
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The general strategy we employed covalently attached an AB
molecule containing a terminal double bond to the Si—H
functional groups of poly(hydrogen methyl siloxane) (PHMS)
using a platinum catalyzed hydrosilylation reaction. This
results in a random distribution of AB grafted to the
poly(siloxane) backbone. Polymethylhydrosiloxane-g-(4-me-
thoxy-4'-hexyloxyazobenzene) (P1) has pendant AB groups
which are substituted at the 4 and 4’ positions with alkoxy
functional groups. The synthesis of P1 proceeds smoothly
using the given reaction conditions, with polymer yields
reaching 74%. 'H NMR was employed to estimate the amount
of AB grafted to the PHMS backbone by integrating the
residual Si—H proton and one of the aromatic signals of AB.
From the ratio of the two integrals we calculated the average
grafting density of AB to be 0.84 for P1.
Polymethylhydrosiloxane-g-N-ethyl-N-[2-(hexyloxy)ethyl]-
4-[2-(4-nitrophenyl)diazen-1-yl]aniline (P2) contains a push—
pull type pendant AB group. AB substituted with strong
electron withdrawing groups (e.g., nitro) and strong electron
donating groups (e.g., dialkylamino) at the 4 and 4’ positions
are referred to as push—pull ABs. Relative to AB, the 7—n*
transition for push—pull ABs is lower in energy which shifts it
into the visible region of the spectrum and causes it to overlap
with the n—z* transition.”" They also exhibit very fast thermal
cis—trans thermal isomerization rates which can be completed
in milliseconds, depending on the chemical environment.*”
The push—pull AB pendant group in P2 is a derivative of the
well-known disperse red 1 (DR1) AB dye. We chose to
incorporate this AB molecule into P2 for several reasons. The
shape change of a bilayer actuator is proportional to the
volume change of active layer. Push—pull AB photoisomeriza-
tion can proceed through rotation rather than inversion, which
inherently requires greater free volume to occur. The nonpolar
poly(siloxane) backbone is covalently bound to a highly polar
AB molecule which could result in unique properties compared
to the relatively nonpolar AB molecule in P1. Also, as
mentioned above the fast thermal cis—trans isomerization
could increase the rate at which the actuators can by cycled.
The synthesis of P2 has not been reported in the literature to
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the best of our knowledge, making it a novel photoactive
polymer. The synthesis of P2 was carried out using the same
reaction conditions as for P1. The grafting density of P2,
measured in the same way as described earlier, was calculated
to be 0.68. The grafting density of P2 is comparable to that of
P1, but the overall polymer yields from the reaction were
lower, ranging from 30 to 46%. This is most likely due to
poisoning of the platinum catalyst, as similar yields have been
reported for hydrosilylation reactions involving aminated
alkenes.” Following the synthesis of the active layer materials
P1 and P2, bilayers were fabricated using a 3D-printer (Tissue
Scribe) capable of depositing the polymers from solution onto
the passive layer by extrusion through a syringe. We printed
the P1/Kapton and P2/Kapton bilayers using an 8% (w/w)
solution in toluene. This produced P1 film thicknesses of 8 + 1
um on average (SI Figure S1). The solution of P2 in toluene
was more viscous and using the same 3D printing settings
resulted in film thicknesses of 30 + 2 ym on average (SI Figure
S2).

Differential scanning calorimetry (DSC) was employed to
investigate the thermal properties of P1 and P2. The DSC
traces for P1 and P2 are shown in Figures 2 and 3, respectively.
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Figure 2. DSC heating and cooling traces of P1. The heating and
cooling rates were 10 °C per minute and S °C per minute,
respectively.

The heating scan of P1 reveals two sharp transitions at 97 and
115 °C. Being a semicrystalline polymer, the peak at 97 °C is
the crystalline to LC transition, and the peak at 115 °Cis a LC
to isotropic transition. No other peaks were observed for P1 in
both heating and cooling scans which is one indication the LC
phase is nematic. Quench cooling revealed an otherwise
difficult to detect T, for P1 which was determined to be
approximately 26 °C. During the second heating scan, P2
exhibits one broad endothermic event. This peak was
attributed to melting of the polymer, with an onset
temperature of 60 °C. Upon cooling, there are two small
and broad overlapped peaks centered at 78 and 72 °C,
followed by a large exothermic event with an onset
temperature at 51 °C. The heterogeneous nature of the P2
polymer chains could cause it to crystallize over a relatively
long period of time. The initial exothermic peaks could
indicate the formation of small crystallites, followed by further
crystallization of the sample upon continued cooling. From
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Figure 3. DSC heating and cooling traces of P2. The heating and

cooling rates were 10 °C per minute and 5 °C per minute,
respectively.

DSC alone, it is unclear if P2 has an LC phase. For P2, the T,
can be seen in both heating and cooling scans and was found at
8 °C, reported as the midpoint of the transition. Poly-
(siloxane)s can have relatively low T, values due to the
flexibility of the Si—O linkages in the polymer chains and is
one reason they were chosen.’* In LCEs possessing T, values
well above room temperature, multiple stimuli are needed
because light alone is insufficient to heat them above their
Tg.13’16 With P1 and P2 having T, near or below room
temperature, our bilayers only need light input to change their
shape. This design aspect is beneficial because using a single
stimulus simplifies the shape change process for these objects.

UV—vis spectroscopy was used to study the optical
properties of the synthesized polymers, as well as the
isomerization behavior of the AB moieties grafted to the
siloxane backbone. A comparison between the UV—vis spectra
of P1 and P2 are shown in Figure 4. The absorption spectrum
of P1 shows the 7—z* transition for the trans isomer appears
at A = 355 nm while the n—z* transition of the trans isomer
appears as a weak shoulder at A = 450 nm. Overlap of these
two main transitions is common for ABs containing amino,

Absorbance (AU)

0.0

T T T T T
200 300 400 500 600 700

Wavelength (nm)

Figure 4. UV—vis spectra of thin films of P1 and P2 deposited onto
quartz slides.
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hydroxyl, or alkoxy substituents at the four positions.”® Relative
to azobenzene, both the 7—z* and n—z* transitions of the AB
mesogen in P2 are shifted toward higher wavelengths.’® P2
exhibits an absorption band at A = 420 nm (z—7z*) with a
broad shoulder centered at A = 530 nm. The band at 420 nm in
Figure 4 is strongly blue-shifted (~63 nm) compared to the
absorption spectrum of P2 dissolved in dichloromethane, a
nonpolar solvent (SI Figure S7). The absorption spectrum of
P2 in dichloromethane has only one broad peak in the visible
range with the maximum absorbance located at 4 = 483 nm. A
blue-shift of this magnitude observed for P2 thin films could be
attributed to H-aggregates of the AB moieties in the thin
film.”” The absorbance at 530 nm is too high to be from only
the n—z* transition since it is a symmetry forbidden transition.
The absorbance at this wavelength is likely from the n—z* of
the AB groups and the 7—z* transition of AB molecules in P2
which are not aggregated but interact mostly with the polymer
matrix. This behavior is a consequence of the synthetic strategy
we employed, which grafts AB randomly to the polymer
backbone.

Figures S and 6 show the isomerization behavior of thin
films of P1 and P2, respectively. For P1, the irradiation with
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Figure 5. UV—vis spectra of a thin film of P1 during exposure to 365
nm wavelength light.

UV light induces the trans—cis isomerization. As seen in Figure
S, the spectral changes stopped after 30 seconds indicating a
photostationary state was reached. The spectra show the usual
decrease in absorbance of the band at 4 = 355 nm and an
increase of absorbance from the band at 4 = 450 nm which is
due to the enrichment of the cis isomer in the thin film. The
trans isomer was recovered by irradiating the sample with a
LED emitting green light (535 nm) (SI Figure S8) within 60
seconds. The trans isomer was completely recovered with no
apparent fatigue or bleaching of the AB moiety.

The absorption spectra of a P2 thin film irradiated with a
442 nm LED are shown in Figure 6. Irradiation with a blue
light LED (442 nm) caused the trans—cis isomerization of AB
groups in P2. This was confirmed by a decrease in the
absorbance of the band at 4 = 420 nm and an increase at 1 =
530 nm. P2 contains push—pull type AB pendant groups,
which exhibit fast thermal cis—trans isomerization, one reason
such a small change in absorbance is observed for the
photostationary state. Similar results have been reported on
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Figure 6. UV—vis spectra of a thin film of P2 during exposure to 442
nm wavelength light. The inset (a) shows a magnified view of the
absorption band located at 4 = 420 nm.

photoisomerization studies of DRI in solution®® and in DR1
functionalized poly(methyl methacrylate) thin films.>

The photomechanical effect exhibited by these actuators was
investigated by recording videos of the P1/Kapton and P2/
Kapton bilayers when exposed to 365 or 442 nm wavelength
LEDs. Rectangular bilayers were made according to the steps
portrayed in Figure 1. Still images from a test of a P1/Kapton
bilayer using a UV LED are shown in Figure 7. The bending of

== Kapton == P1

-
@
LED OFF LEDON

Figure 7. Images of a P1/Kapton bilayer fixed at one end when the
UV LED is OFF (left) and the UV LED is ON (right). The scale in
the background is in centimeters, and the light intensity is about 80
mW/cm?.

a P1/Kapton bilayer using a blue-light LED is depicted in SI
Figure S12. When either LED light source was placed above
the active layer of the P1/Kapton bilayer and switched on, the
actuator immediately bent away from the light source (SI
Movie S2). If the bilayer was flipped over and the bending test
was performed in the opposite geometry, with light traveling
through the passive layer first, the P1/Kapton bilayer bends
toward the light source. Depending on the placement of the
light source the bilayers either bend toward or away from it,
but the bilayers always transform into the same shape. This
behavior is observed for both LEDs and for the P2/Kapton
bilayers (not shown) as well. The maximum bending angle for
the P1/Kapton bilayer achieved with either light source was
thirty-five degrees. The light intensities needed to induce this
actuation were approximately 150 mW/cm* and 100 mW/cm?
for the UV and blue LEDs, respectively. Larger bending angles
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were not observed by further increasing the light intensities
(up to 300 mW/cm?). Within five seconds of either light
source being turned on, the P1/Kapton bilayer was able to
reach the maximum bending angle. When the LED was
switched off, it took about 10 seconds for the actuator to
return to its original position. To see if there is any fatigue of
the active layer, the actuation cycle was repeated multiple times
and the deflection angle was monitored. After 10 cycles the
actuator showed no fatigue, and for each cycle it reached the
maximum deflection angle of thirty-five degrees (SI Figure S9).

For P2/Kapton bilayers, both the UV and blue LEDs caused
rapid bending when the light sources were turned on. When
bending tests were performed with blue LEDs (SI Figure S10)
the maximum bending angle of 14 degrees was reached within
two seconds. Then, while the light source was still on, the
actuator bending angle rapidly decreased to a value between six
and eight degrees. This secondary bending angle was stable
while the LED was on (SI Movie S3). When the LED was
turned off, the actuator returned to its original position in
approximately ten seconds. This behavior could be explained
by the trans—cis—trans cycling of the AB mesogen in P2 when
irradiated with blue-green light. Initially the rapid trans—cis
isomerization in the active layer results in a volume increase
proportional to the maximum displacement observed for the
P2/Kapton bilayer, then trans—cis—trans cycling allows the P2
molecules to reorganize which is accompanied by a decrease in
volume and subsequent decrease in bending angle. When the
P2/Kapton bilayers were irradiated with the UV LED, the
bending angle stayed relatively constant while the light was on.
The average bending angle observed over five trials was 13
degrees. This was comparable to the maximum bending angles
recorded when testing P2/Kapton bilayers with the blue-light
LED.

The photogenerated stress of the bilayers and blank Kapton
films were measured using DMA. Samples were precut into
rectangles measuring 30 X 7.5 mm in length and width,
respectively. They were clamped in tension longitudinally at
both ends. The light sources were placed 10 mm away from
the surface of the film samples. For the P1/Kapton and P2/
Kapton bilayers, the active layer was always facing the light
source. Figure 8 shows that when irradiated with 442 nm light
(225 mW/cm?), there was an immediate decrease in stress for
all three samples. The first time the samples were irradiated,
the stress relaxed to 80—85% of the initial stress value for all
three samples. The stress reached a constant value after the
light was turned off within 20 s for Kapton and P1/Kapton
bilayer, whereas it took the P2/Kapton bilayer 80 s to relax.
Over the next three on/off cycles when the light was turned
off, the stress relaxed to 98—100% of the initial stress value
before irradiation. The time it took the samples to relax
remained constant. From several on/off cycles, the average
change in stress was estimated to be 550 kPa for Kapton, 1025
kPa for the P1/Kapton bilayer, and 1425 kPa for the P2/
Kapton bilayer. The decrease in stress is caused by an
expansion of the samples along its vertical axis."”*' The change
in stress for the bare Kapton is likely a thermal effect due to
absorption of light used to irradiate the samples. Since both P1
and P2 polymers strongly absorb light in the UV—vis region,
this thermal effect observed for bare Kapton would be
decreased for the P1/Kapton and P2/Kapton bilayers in our
experimental setup. Even when correcting for this effect, both
bilayers exhibit a larger change in stress than observed for the
bare Kapton samples which indicates that the photoactive layer
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Figure 8. Change in stress from DMA measurements of bare Kapton
as well as P1/Kapton and P2/Kapton bilayers when irradiated with
442 nm wavelength light. The light intensity of the LED was 225
mW/cm?

does create a stress gradient in the bilayers when irradiated
with either UV or blue light.

Figure 9 shows the change in stress for a bare Kapton thin
film, a P1/Kapton bilayer, and P2/Kapton bilayer when
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Figure 9. Change in stress from DMA measurements of bare Kapton

as well as P1/Kapton and P2/Kapton bilayers when irradiated with

365 nm wavelength light. The light intensity of LED was 220 mW/
2

cm”.

irradiated with UV light (220 mW/cm?). The average change
in stress was about 775 kPa for bare Kapton, 1100 kPa for the
P1/Kapton bilayer, and 1700 kPa for the P2/Kapton bilayer.
For all three samples the average change in stress was slightly
higher than when the 442 nm LED was used. This observation
is likely due to a slight difference in temperature of the
measured samples because the heat caused by the absorption
of light will vary when using the 365 nm or the 442 nm light
source. The photogenerated stress measured for the P1/
Kapton and P2/Kapton using either light source is on the same
order of magnitude reported for LCE samples (0.37—2.6
MPa).*! The change in stress measured for the P2/Kapton
bilayers was larger than the P1/Kapton bilayers regardless of
the light source used, but the P1/Kapton bilayers out-
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performed the P2/Kapton bilayers in the bending tests. The
actuation of the bilayers depends on multiple factors including
strain, Young’s modulus, and thicknesses of the active and
passive layers. A T, well below room temperature and the
results of the bending tests suggest that P2 lacks the
mechanical properties to convert the photogenerated stress
into a strain gradient as effectively as P1. Stiffening the pendant
AB groups by shortening the alkyl spacer between the polymer
backbone could be one way to improve the mechanical
properties of P2. When compared to PI, it is unclear if the
larger photogenerated stress for P2 is due to the higher
flexibility of the polymer*” or the nature of the photo-
isomerization of push—pull ABs.

B CONCLUSIONS

Two side-chain AB poly(siloxane)s, one being reported for the
first time, were synthesized to serve as the photoactive layer of
bilayer actuators fabricated via 3D-printing. The reversible
shape-change these objects exhibited was rapid, with actuation
cycles completed on the time scale of seconds. UV—vis
spectroscopy and DMA measurements confirm that the trans—
cis isomerization of AB in the active layer generated the stress
responsible for the shape changes observed in the bilayers. The
P2/Kapton bilayer exhibited the largest amount of light
induced stress, however larger bending angles were observed
for the P1/Kapton bilayers. While push—pull type AB show
promise as pendant groups for these photoactive polymers,
more research could increase their efficiency in converting
photogenerated stress to mechanical work. For P2, shortening
the alkyl spacer between the AB mesogen and the poly-
(siloxane) backbone and/or increasing the AB grafting density
could lead to such improvements. Research in this area is
ongoing as well as fabricating more versatile shape-changing
objects.
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