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Remote Propulsion of Miniaturized Mechanical Devices via
Infrared-Irradiated Reversible Shape Memory Polymers

Yacov Carmiel, Avraham Israel Bram, Nurit Atar, Asaf Bolker, Noam Eliaz,
Nehora Moshe, Shiran Barmoha, Adva Bouzaglou, Ehud Galun, Irina Gouzman,

and Ronen Verker*

Remote propulsion of miniature mechanical devices possesses a great challenge
to the scientific community. Herein, a lightweight two-way shape memory
polymer (2WSMP)-based motor is presented, which operates a demo vehicle via a
novel infrared-irradiated 2WSMP actuator. Most of the polymers that possess
2WSMP properties suffer from inadequate mechanical properties and low
durability in harsh environments. Herein, the 2WSMP bilayer actuator, based on
Kapton and polyPOSS (PP), possesses superior 2WSMP and mechanical prop-
erties, high lifting abilities, and durability in harsh environments. Kapton is well
known for its outstanding physical properties. PP, a polyhedral oligomeric sil-
sesquioxane (POSS)-based epoxy-like thermoset, possesses unique properties.
Its advanced ability to maintain mechanical properties over a range of temper-
atures, while presenting a constant coefficient of thermal expansion, is essential
for its 2WSMP actuation properties. The effects of the Kapton and PP layers’
thickness on the force and deflection, generated by the 2WSMP actuators during
heating, are studied. A theoretical model is used to predict the actuator’s

wide variety of external stimuli.l"! Remote
activation of the actuators is essential for
applications where an internal power
source is unavailable. Irradiation in the
vis—IR range, preferably by a laser beam,
is the most common way to activate actua-
tors, as it enables long distances between
the irradiation source and the actuator.”’
There are two main mechanisms for
irradiation-based actuators: photochemical
and photothermal. For a photochemical
activation, the polymer itself contains
reactive groups that react when exposed
to light of a suitable wavelength, thus
altering the structure of the polymer.
The structural change leads to a change
in dimensions and the shape of the
actuator.*% Photothermal actuation is

deflection, based on the layers’ thickness. These actuators present excellent
thermal stability at temperatures as high as 150 °C, while maintaining out-
standing motion repeatability and extremely high lifting capacity of up to 6500

times of their own weight.

1. Introduction

Shape memory is the ability of a material to return to a preprog-
rammed shape after it has been deformed by an external force.
Shape memory polymer actuators have gained interest due to
their high stress-to-weight ratio and their responsiveness to a

based on the conversion of light to heat,
leading to a heat-induced shape memory
effect (SME). This can be achieved either
by incorporation of light-absorbing addi-
tives or using light at a wavelength effec-
tively absorbed by the polymer itself.[>-16

Polymers that can only recover their
original shape are referred to as one-way
shape memory polymers (1IWSMP); they have been thoroughly
studied since the late 1980s.1" 7! Polymers that can change back
and forth between two shapes are referred to as two-way shape
memory polymers (2WSMPs). The ability of polymers to
revert between two or more shapes has gained great interest
in recent years.
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The first reported 2WSMPs were based on semicrystalline pol-
ymers with a stretch-induced crystallization (SIC) effect.
However, this effect required a constant load on the polymer
to achieve reversible shape change.?**”! To overcome the need
for constant load, two approaches were developed. The first
approach uses polymers with crystalline segments that melt
within a wide temperature range. The reversible shape change
is achieved in this case by heating the material to a temperature
at which only some of the crystalline segments melt and others
remain crystalline. During cooling, the remaining crystals direct
crystallization in the desired direction back to the programmed
shape.?**% The second approach is based on combining two
types of crystalline segments by crosslinking together two poly-
mers with distinguishable melting temperatures (T,,,). Heating
and cooling around the lower T,, activate the 2WSMP
functions.*=* The downside of these approaches is that if
the actuator exceeds its working temperature and becomes fully
amorphous, it loses its mechanical properties and related func-
tionality. To overcome the temperature limitations of the Ty,
mechanism, 2WSMPs are combined with elastomers. Upon
heating, the 2WSMP contracts toward its original shape due
to crystal melting, thus applying stress on the elastomer.
When cooled, the elastomer applies the same stress on the
2WSMP, leading the crystals’ growth back to the deformed
shape. The combination can be as separate layers* % or at
the molecular level to form an interpenetrating network (IPN).!

In contrast to the crystal melting mechanisms, 2WSMP actua-
tors can be prepared by joining two polymers, where one polymer
undergoes a high volumetric change in response to an external
stimulus such as heat or light.®>>* These actuators are com-
monly based on the difference in the coefficient of thermal
expansion (CTE) of the polymers, similar to bimetal devices.
During heating, the layer with a higher CTE (i.e., the active layer)
expands more than the passive layer, which leads to bending of
the actuator.®® The actuators can also be designed to bend in the
opposite direction when cooled below ambient temperature.>®
To maximize the bending effect, the CTE difference between
the layers should be as high as possible. Carbon nanotubes
(CNTs) or graphene are often used as the passive layer, due to
their low CTE. Polydimethylsiloxane (PDMS) and various poly-
olefins are commonly used as the active layer due to their
high CTE.F7¢!

The force generated by a 2WSMP affects its potential applica-
tion. A common method to normalize and compare the force
generated by various 2WSMPs of different dimensions and den-
sities is to normalize the force generated by the actuator by its
weight. Another method is simply to compare the stress gener-
ated by various 2WSMPs.

Qi et al. produced a semicrystallized ethylene-vinyl acetate
(EVA) copolymer fiber with a two-way SME and found that a sin-
gle EVA fiber could lift more than 143 times its own weight.*!
Wang et al. produced light-actuated 2WSMP by incorporating
polydopamine (PDA) nanospheres into semicrystalline polymer
networks. This 2WSMP lifted 3541 times its own weight while
generating 1.1 MPa stress.®” Yang et al. presented a near-IR
light-stimulated actuator with fully reversible lifting motions,
which could lift 11,200 times its own weight.[*! Lu et al. reported
an interpenetrating material that can reversibly shrink and
expand under thermal stimulus at a maximum temperature of
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140°C.[°* The actuation stress of this material is 2.53 MPa
and it can lift 30,000 times its own weight. For comparison,
the actuation stress of a human skeletal muscle is 0.35 MPa.[*¥

All of the aforementioned forces and stresses, however, were
measured linearly in the direction of contraction. When forces
and stresses were measured during bending of the actuators,
the reported values were a few orders of magnitude lower.
For example, the actuator of Zeng et al. was reported to have
a lifting ability of 4.2 times its own weight,”® that of
Chen et al. lifted seven times its own weight,*® and that of
Li et al. lifted 27 times its own weight.®”) Chen et al. constructed
graphene oxide/poly(N-isopropylacrylamide) hybrid film bilayer
actuators, which display reversible bending-straightening behav-
iors in response to repeated cycles of near-IR light irradiation.!®*!
A maximal 10 MPa stress was measured, but with a slow
actuation rate of several minutes per cycle.

Although the above materials, used for 2WSMP actuators,
demonstrate a wide motion range and the ability to form complex
shapes, they lack durability to extreme conditions, such as ele-
vated temperatures, and have limited lifting ability during bend-
ing. Currently, 2WSMP actuators suffer severe loss of
mechanical properties at elevated temperatures. Furthermore,
environmental effects such as ionizing radiation and corrosive
environment can also damage most polymers used for
2WSMPs by degradation of mechanical properties and etching.

Here, we present unique 2WSMP bilayer actuators based on
polyimide (Kapton) and polyPOSS (PP), a novel nanocomposite
with high durability to extreme conditions.® The goal of this
research is to study the effect of the Kapton and PP layers’ thick-
ness on the reversible SME, deflection, and forces that the
2WSMP actuators can produce.

The 2WSMP actuators present excellent thermal stability at
temperatures as high as 150 °C, while maintaining outstanding
motion repeatability and extremely high lifting capacity of up to
6500 times of their own weight. Moreover, they can be remotely
activated by IR irradiation, which makes them highly suitable for
remote operation of tiny devices. Here, we demonstrate these
features of the new material by integrating these actuators in
a miniature engine and vehicle. These machines prove that these
actuators can be used as remotely activated, lightweight driving
mechanisms.

2. Experimental Section

2.1. Materials

EP0409 glycidyl polyhedral oligomeric silsesquioxane (POSS)
was purchased from Hybrid Plastics, USA. Jeffamine D-230
poly(propylene glycol)bis(2-aminopropyl ether) curing agent
was purchased from Huntsman, The Netherlands. Pristine
Kapton HN polyimide films were purchased from Dupont,
USA. Polybismaleimide (BMI)-689 resin was obtained from
Designer Molecules, USA.

2.2. 2WSMP Actuators

EP0409 and Jeffamine D-230 were preheated to 80 °C and mixed
at a 2.8:1 POSS:Jeffamine weight ratio to form the polyPOSS
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(PP).1”) Pristine Kapton (PK) films with a thickness of either 50
or 125 pm and lateral dimensions of 2.5 x 5.5 cm?® were used as
substrates. Kapton tape was placed on the edge of the films to
form molds with depths of 60, 120, or 180 pm. The Kapton
molds were treated by air radio frequency (RF) plasma cleaner
(PDC-3XG, Harrick Plasma) for 2h. The precured PP was
poured into the molds and cured at 100 °C for 1.5h, followed
by postcuring at 130 °C for 3 h. After curing, the mold spontane-
ously adopted a curved shape. The Kapton tape was removed, and
the 2.5 x 5.5cm? substrate was cut to form actuators with
general dimensions of 1 x 2.5cm?* and PP layer dimensions
of 1x1.5cm’ Figure 1 illustrates the actuator production
process. Each actuator was named according to the thicknesses
of the PK and PP layers, as listed in Table 1.

2.3. Characterization and Analysis Techniques

Dynamic mechanical analyzer (DMA) (Q800, TA Instruments)
was used to characterize the mechanical and thermomechanical
properties of the pristine materials (PP and PK) and actuators. All
measurements were performed using a three-point bending
clamp in nitrogen environment. Young’'s modulus measure-
ments of PP and PK were performed using the strain rate mode.
The PK samples size was 10 x 7 x 0.125 mm?, and the PP
samples size was 20 x 3 x 0.5 mm’. The measurements were
performed using a support span of 5mm, a preload of 0.05 N,
and a strain rate of 0.5% min ' up to a final strain of 0.5%.
These measurements were performed at temperatures between

(a)
PK substrate

Aosing,

Precured PP

%

(e)

Sy
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Table 1. List of 2WSMP actuators.

Actuator PK thickness PP thickness
acronym [pm] [pm]
PK50-PP60 50 60
PK50-PP120 50 120
PK50-PP180 50 180
PK125-PP60 125 60
PK125-PP120 125 120
PK125-PP180 125 180

30 and 150°C, at increments of 10 °C. Each measurement was
repeated three times.

Static force versus temperature measurements of the actuators
were performed using the strain rate mode, a preload of 5mN,
and a support span of 5 mm. The actuators were placed on the
supports with their concave side facing upward and were heated
to 150°C at a rate of 2°Cmin '. Each measurement was
repeated three times. The actuators were then cooled back to
22°C at a rate of 3°Cmin™".

Inverse deflection versus temperature measurements of the
actuators were performed using the controlled force mode, a pre-
load of 5mN, and a support span of 5 mm. The actuators were
placed on the supports with their concave side facing upward and
were heated to 150 °C at a rate of 5 °C min~". The actuators were
equilibrated for 10 min at that temperature and then were cooled

(b)
Kapton tape

——,

(d)
Cured PP

L=

Figure 1. 2WSMP actuators’ production process: a) A PK film is used as a substrate. b) A Kapton tape is placed on the edge of the film to form a mold.
c) Precured PP is poured into the mold. d) The PP is cured. e) The Kapton tape is removed. f) Actuators are cut from the substrate.
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back to 30 °C at the same rate. Ten heating/cooling cycles were
performed for each measurement.

Optical absorbance and transmittance measurements were
performed using a spectrophotometer (V-570, Jasco). These
measurements were conducted between 350 and 1000 nm, at
a scanning speed of 200 nm min ™.

CTE measurements were performed using a thermomechan-
ical analyzer (TMA PT 1600, Linseis GMBH), operated in the
push-rod dilatometer mode, with alumina sample holder and pis-
ton. Three samples of each material were measured. The mea-
sured polymer samples were shaped as rods with a diameter of
4.65 mm and a length of 20 mm. The samples were heated at a
rate of 2 °C min ™" in helium environment. The change in sample
length was measured by the deflection of the piston.

Calorimetric investigation of fully cured PP samples was car-
ried out using differential scanning calorimetry (DSC), 1 STARe
system (Mettler Toledo, Inc.). The samples for DSC were
weighed on Sartorius SE2 microbalance with precision of
£0.1 pg and their net weight was set between 40 and 95 mg.
The samples were placed in aluminum crucibles. The DSC meas-
urements were done in nitrogen environment while heating at a
rate of 10°C min .

D8 discover X-ray diffractometer (Bruker, Inc.) was used to
assess the crystallographic structure of the PP. The measure-
ments were performed using a Cu tube with a wavelength of
1.54 A. The scan started at 20=5°, with 20 increments of
0.02° at a rate of 1 increment per second. A fully cured PP sam-
ple, having a size of 25 x 25 x 3 mm?, was placed on a ceramic
plate equipped with a heating pad (HK5318, Minco) and secured
with Kapton tape. The diffraction patterns were acquired both at
room temperature (RT) and at 130 °C.

The actuators’ internal stress and deformation were simulated
using the solid mechanics module of the ABAQUS finite-
element analysis (FEA) software. The empirical expressions,
used for the temperature-dependent Young’s modulus of the
PP and PK materials, were derived by performing a functional
fit to the measured data using the CurveExpert software.

2.4. Processes

The actuators were remotely heated for shape memory tests
using an IR source working at a continuous spectrum of
350-1000 nm, a peak wavelength of 860nm, and a radiative
power of 450 mW cm ™2, at 15 cm distance between the actuator
and the source.

2WSMP-based mechanisms were prepared from Kapton and
3D-printed BMI. Kapton parts were manufactured from the
125 pm-thick Kapton film. Kapton was thermoformed at
435°C for 8h under nitrogen flow to yield a flat and dark
Kapton film.®! BMI parts were printed by a commercial 3D
printer (Max Mini UV 385 nm, ASIGA) using a custom-made
ink.[*°]

3. Results and Discussion
Heating the actuators caused them to unbend, reaching a

fully straight form at 130°C and above. Figure 2a shows a
PK125-PP180 actuator at both bend and straight shapes. The
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shape change is bidirectional, and the actuator returns to its
curved shape once cooled.

3.1. PP Characterization

One of the main mechanisms behind many SMPs is a crystalline
to amorphous phase change or glassy- to rubbery-state transition.
As Kapton has no known phase transitions within the 30-150 °C
temperature range,”” we performed measurements on the PP to
determine whether it has one. The structure of PP was charac-
terized by X-ray diffraction (XRD), both at RT and at 130 °C. The
diffraction patterns indicated an almost entirely amorphous
material, with a small peak at 8°, which corresponds to aggre-
gates of the POSS component.”*~”?! There were no significant
changes in the diffraction pattern when heated, other than those
associated with thermal expansion; the peak at 8° also remained
unchanged (Figure S1, Supporting Information). DSC measure-
ments did not show any phase transition of the PP within the
30-130°C temperature range (Figure S2, Supporting
Information). These results indicate that phase change is not
involved in the shape change of these actuators. Therefore,
the main cause can be attributed to the variance in the thermal
expansion of the PP and PK layers. As the thermal expansion of
PK is well documented as 17 ppm K™%, the PP thermal expan-
sion was measured, as it plays an important role in this study.
The PP showed a uniform expansion within the 25-135 °C tem-
perature range, with an average CTE of 162 ppm K" (Figure S3,
Supporting Information). Due to the order of magnitude differ-
ence in the CTE, the PP will be addressed as the active layer and
the PK as the passive layer. The validation of the thermal expan-
sion mismatch as the driving force for the reversible shape
change will be further discussed in the following sections.

3.2. Deflection and Force Measurements

The deflection of the actuators during thermal cycles was mea-
sured by DMA. To visualize the repeatability of the deflection
measurements, Figure 2b shows the results of the deflection
measurements during ten temperature cycles, from 30 to
150°C, for PK125-PP180 actuator. The various actuators were
also exposed to 105 thermal cycles between 25 and 150 °C using
a hot plate. These actuators showed no sign of fatigue or failure
during this exposure, as was shown by the full transition from a
bent state at 25 °C to a straight state at 150 °C during all cycles
(Figure S4 and Video S1, Supporting Information). Video S1,
Supporting Information, presents the full motion of the actua-
tors at the last thermal cycle. Figure 2c presents the deflection
at 150°C versus the PP thickness of the various actuators.
The maximal deflection (630pm) was measured for the
PK50-PP60 actuator, while the smallest deflection (140 pm)
was measured for the PK125-PP60 actuator. For both types of
actuators having PK thickness of either 50 or 125 pm, as the
thickness of the PP layer increased, the trend of the deflection
values seemed to converge. For actuators with PK thickness of
50 pm, increasing the PP thickness caused the deflection to
decrease from 630 to 400 pm, while for actuators with PK thick-
ness of 125 pm, the deflection increased from 140 to 240 pm. It
appears that for a given PK thickness and temperature, the
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Figure 2. a) Temperature-induced shape change of a PK125-PP180 actuator. Scale bar: 1 cm. b) Temperature and deflection versus time measurements
during ten temperature cycles of a PK125-PP180 actuator. c) Deflection of the actuators at 150 °C. The error bars are smaller than £3 um.

governing parameter for determining the deflection is the PP
thickness.

Figure 3a presents the static force produced by 2WSMP actua-
tors at a given temperature. The general trend of the increase in
the static force as a function of temperature is almost linear for
most of the actuators. For some of the actuators, the increase in
the static force can be divided into two parts: a slow increase up to
a temperature of 70-90°C, followed by a fast increase up to
150 °C. Figure 3b shows the static force values generated by
the actuators at 147 °C versus the actuator type (i.e., the layer

thickness). The inset shows the direction of the measured force
in the three-point bending mode. An almost linear relationship
can be noticed between the static force and the PP layer thick-
ness, for a given PK layer thickness. PK50-PP60 produced the
smallest static force values, while PK125-PP180 produced the
highest values. In general, it can be noticed that increasing
the thickness of either the PK layer or the PP layer increases
the generated static force.

Each measurement started with the actuator at ambient tem-
perature, at which it is in a curved shape, driven by the
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Figure 3. a) The static force produced by the actuators as a function of temperature. b) Static force values as a function of the PP thickness at 147 °C. The
inset shows the direction of the measured force. ¢) Maximal theoretical work values versus PP layer thickness for the various PK-PP 2WSMP actuators.
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contraction of the PP layer. The curvature depends on the force
applied by the PP layer and by the thickness of the PK layer. As
the force applied by the PP layer is proportional to its thickness
(for a given width), the main parameters that govern the curva-
ture of the actuators are the thickness of both layers. In extreme
cases in which one layer is thick and the other is thin, there will
be no curving. For example, if the PP layer is extremely thin in
comparison with the thickness of the PK layer, the contraction
force it can apply is too small to bend the PK layer. If the PK
layer is extremely thin in comparison with the thickness of
the PP layer, the force it can apply to resist contraction will be
negligible and the PP layer will contract linearly along the X-axis
without bending (see the inset of Figure 3b). For intermediate
cases, the curvature is determined by the layer’s thickness ratio
and by the total thickness of the actuator; see a detailed discus-
sion in Section 3.4.74

During the static force measurement, once heated, the actua-
tor is forced to stay in its original curved shape by the three-point
bending fixture. The static force is measured in the Z-direction,
as shown in the inset of Figure 3b. The measured static force is
equivalent to the force needed to bend the actuator to this curva-
ture at 147 °C. As the force required to bend a material depends
on its thickness, increasing the thickness of either the PP or the
PK layer results in an increase in the static force.

For example, the measured static force of the PK50-PP60 actu-
ator was ~0.15 N. Increasing the thickness of the PK layer to
125pm (PK125-PP60) or the PP thickness to 120pm
(PK50-PP120) increased the static force to ~0.3 N. Increasing
the thickness of one of the layers of the PK50-PP120 actuator,
to form actuator PK125-PP120 or PK50-PP180, increased the
static force to ~0.9 N.

These results exemplify a tradeoff between the thickness of the
passive PK layer and the thickness of the active PP layer. That s, a
60 pm increase in the thickness of the PP layer is equivalent to
increasing the PK layer thickness by 75 pm to yield similar static
force.

The 2WSMP bilayer actuators can produce static forces as
high as 0.9 N in the case of PK50-PP180 and 1.3 N in the case
of PK125-PP180. The weight of the measured segment was
14.6 mg for the PK50-PP180 actuator and 19.9mg for the
PK125-PP180 actuator. This leads to effective force-to-weight
ratios of 61:1 and 65:1 N g~*, respectively, equivalent to an actu-
ator lifting capacity of up to 6500 times its weight.

The maximal theoretical work (W,,,) at the center point of the
various 2WSMP actuators was calculated according to
Equation (1)

Wp=F,-D (1)
where F; is the static force and D is the deflection. The center
point of each actuator experiences the highest deflection.
Table 2 summarizes the PK-PP actuators’ maximal deflection
and static force. These values were used in the calculation of
the maximal work that each type of actuator can produce.
Figure 3c presents the work values versus the PP layer thickness
for the various PK-PP 2WSMP actuators. For actuators with a PK
thickness of 125 pm, the attained work values increase linearly
with the PP layer thickness. Interestingly, for the actuators with
PK thickness of 50 pm, the attained work values also increase
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Table 2. Summary of the PK-PP actuators’ maximal deflection and static
force.

Actuator Maximal Maximal
acronym deflection force [N]
[#m]
PK50-PP60 629 0.147
PK50-PP120 506 0.341
PK50-PP180 400 0.887
PK125-PP60 137 0.306
PK125-PP120 207 0.878
PK125-PP180 242 1.341

with the PP layer thickness, even though at the same time the
deflection monotonically decreases, as shown in Figure 2c.
The similarity in the work values of the PK50 and PK125 actua-
tors indicates that the work depends solely on the PP layer thick-
ness, mainly due to an increase in the static force. In the case of a
decrease in the deflection, shown in Figure 2c, the high increase
of the static force compensates for this decrease, and the end
result is a monotonic increase in the product of the deflection
and force. These results match well to our definition of the
PP layer as the active layer.

3.3. SME Response Time Measurements

An important parameter for actuators is the SME time (tsmE),
that is, the time between the introduction of a stimulus and
the resulting shape change. The actuators’ response time was
measured during heating by the IR source at a 15 cm distance,
as well as during cooling under ambient conditions. The results
are presented in Table 3; each actuator was measured 4 times.
For all actuators, tsyg during heating was between 10 and 16 s
and between 10 and 19 s during cooling. For a given PK thick-
ness, tsug increased as the thickness of the PP layer increased.
Increasing the PK thickness from 50 to 125 pm had a smaller
effect on tgyE, indicating that the heating and cooling rate of
the PP layer is the governing factor. In addition to the PP mass,
another factor that governs tsy is the optical absorbance of the
actuators. Typical optical absorbance and transmittance spectra
of the actuators can be found in Figure S5 (Supporting
Information).

Table 3. Average time for the SME (¢sme) during heating and cooling of
the actuators.

Actuator tsme during tsme during
acronym heating [s] cooling [s]
PK50-PP60 1M+l 12+1
PK50-PP120 12+1 15+1
PK50-PP180 14+1 15+1
PK125-PP60 10+1 10+2
PK125-PP120 14+1 1541
PK125-PP180 16+1 19+3
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3.4. Theoretical Model and FEA

When two materials with different CTEs are bonded together,
temperature changes will cause the structure to bend. This phe-
nomenon has been studied by Stephen Timoshenko in 1925 for
bimetal thermostats. Timoshenko formulated an equation that
relates the beam curvature to the layers’ thickness and thermo-
mechanical properties.”*

1 6(a—a)(AT)(1 + m)* )
P KB4 m)” + (14 mn)(m? + )]

mn.

where p is the radius of curvature, 1/p is the curvature, a; rep-
resents the coefficients of thermal expansion, h is the total lami-
nate thickness, m is the thickness (t) ratio of the two layers,
m=t;/t, and n is the temperature-dependent moduli of elastic-
ity (E) ratio: n= E;(T)/E(T).

Although this equation was developed for the analysis of
bimetal thermostats, it has been used successfully also to predict
the curvature of polymeric bilayers.”>”®! However, there are
some limitations to this equation. First, it was developed for nar-
row strips of isotropic materials; therefore, in the case of aniso-
tropic Kapton, it can only account for forces acting parallel to the
bilayer primary (long) axis. To comply with this limitation, all
actuators were cut in an identified direction of the PK film, result-
ing in actuators that bent without twisting."””!

Second, this equation calculates the curvature using the mod-
ulus and CTE of each material. These parameters are not con-
stant and change with the temperature. The CTE of PP was
shown to be 162ppmK ' in the range of 25-135°C
(Figure S3, Supporting Information). In our calculations, we
assumed that it remains the same up to 150 °C. For PK, we used
the CTE values reported by the manufacturer: 17 ppm K within
the temperature range of 30-100 °C and 32 ppm K~! within the
temperature range of 100-200 °C."%

Young’s modulus of the PK and PP was measured by DMA in
the temperature range of 30-150°C. The PK’s modulus
decreased almost linearly from =4250MPa at 30°C to
~3360 MPa at 150 °C. The PP’s modulus first decreased from
~640 MPa at 30 °C to ~270 MPa when heated to 60 °C and then
remained almost constant upon further heating to 150°C
(Figure S6, Supporting Information). Using these values, we cal-
culated the curvature of PP-PK bilayers of various thicknesses at
each temperature. The predicted deflection for actuators on a
5 mm support span was then calculated from this curvature.

Figure 4 provides a comparison between the model’s calcu-
lated deflection and the DMA-measured deflection, versus the
temperature. Each graph plots the deflection during 10 DMA
temperature cycles between 30 and 150°C.

The overlaid deflection—temperature curves demonstrate the
accurate repetition of the actuator’s movement. A deflection
accuracy of +5-+25pum over a deflection range of
140-650 pm is measured. This accuracy can also be noticed in
the results given in Figure 2b, which show deflection-time meas-
urements during ten temperature cycles. The repetition in the
deflection movement of the various actuators shows no degrada-
tion, indicating good adhesion between the PP and the PK layers.

The hysteresis in the deflection temperature cycles is the
result of variation in temperature between the DMA oven and

Adv. Intell. Syst. 2022, 2200006 2200006 (7 of 12)

www.advintellsyst.com

the actuators. When the DMA oven reaches 150 °C, the actuators
continue to deflect, as they still did not reach that temperature.
During cooling, the opposite phenomena occur. The oven temper-
ature start to decrease; however, there is a delay in the decrease of
the temperature of the actuators and as a result there is also a delay
in the change of the actuators’ deflection. At the final stage of
cooling, as the oven temperature reaches 50 °C, the cooling rate
decreased to about 0.2°Cmin~'. At this low cooling rate, there
is no hysteresis between the oven and the actuator temperature.
For actuators PK50-PP60, PK125-PP60, PK125-PP120, and
PK125-PP180, the Timoshenko model fits quite well the deflec-
tion measurements during the cooling phase. The model fits
the cooling curve rather than the heating curve as it assumes zero
curvature at 150°C, which is the starting point of the cooling
curve. However, for actuators PK50-PP120 and PK50-PP180,
the model predicts lower deflections than those measured during
cooling, although still higher than the values measured during
heating. This may indicate that when the PP layer is significantly
thicker than the PK layer, there are other effects that were not
accounted for by the model. One such effect can be deviation
in the thickness and uniformity of the PP layer, in comparison
with the PP thickness that was used in the model.

The Timoshenko model can be used to calculate the predicted
maximal deflection based on the PP-to-PK thickness ratio. The
deflection was calculated for actuators at 150 °C in three-point
bending mode on a 5 mm support span. Figure 5a shows the
predicted deflection versus the PP-to-PK thickness ratio (dashed
lines). The maximal deflection coincides with 1.1 PP/PK thick-
ness ratio (designated by the dotted vertical line). According to
the model, a PP/PK thickness ratio of 1.1 is the optimal ratio
for achieving the maximal deflection for a given PK thickness.
The results of the experimental deflection measurements at
150 °C are also presented in Figure 5a as symbols. These results
fit well the model’s prediction. The comparison between the
measured and model values explains the effect described in
Figure 2c, where the deflection of the PK50 actuators decreased
with increasing PP thickness, while the deflection of the PK125
actuators increased. This is because the PP/PK thickness ratio of
the PK50 actuators was above 1.1 to begin with, while the PP/PK
ratio of the PK125 actuators was initially below 1.1, and then
increased toward 1.1 ratio, which provides maximal deflection.

FEA of the thermal-induced stress and deflection of a
PK50-PP60 actuator at 150°C is presented in Figure 5b.
Many types of constitutive models exist to accurately simulate
various types of SMPs.”®! In the presented material system,
the SME is induced due the mismatch between the CTE of
the two materials comprising the bilayer actuator. As the differ-
ence between the Young’s moduli of the active and the passive
layers has a negligible effect on the radius of curvature of a
bilayer,”’ a simple approximation was used to compute the
deformation of the bilayer.”” The layers were treated as linear
elastic materials, and the standard isotropic linear elastic consti-
tutive model was used. In addition, the elastic strain used was the
difference between the total strain, which is computed from
derivatives of the displacement field, and the thermal strain. A
2D calculation was performed on an actuator with a total length
of 5 mm. Figure 5c shows a zoomed-in stress map of the 0.5 mm
section at the center of the actuator. The upper layer is the PK
layer, and the lower layer is the PP layer. The original curved state
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Figure 4. Comparison of the Timoshenko model calculated values and DMA measured values.

of the actuator at RT is marked by a black outline. The corre-
sponding values to the colored stress field, depicted in the flat
actuator, are shown on the color bar. The mechanical properties
used to define each material are tabulated in Table S1,
Supporting Information.
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Two empirical expressions of the temperature-dependent
Young’s modulus were derived by performing a functional fit
of the measured data (Figure S6, Supporting Information).
Equation (3) was used for the PK temperature-dependent
Young’s modulus E(T)px
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Figure 5. a) Deflection prediction at 150 °C versus PP-to-PK thickness
ratio, compared with the measured deflection. The measurements error
bars are smaller than &3 pm. b) The calculated thermal-induced deforma-
tion and stress (normal to the x-axis) at 150 °C on a 5 mm-long PK50-PP60
actuator. The original shape is shown as a black outline. c) Zoomed-in view
(0.5mm in length) of the center of the modeled actuator, showing the
stress map at 150°C.

E(T)pg = 3.4 x107°T* — 1.8 x 107373 + 0.33T2 — 30.6T

+ 4928 3)
Equation (4) was used for the PP temperature-dependent
Young’s modulus E(T)pp

4.8 x 10°
— t 1.13T +73

- (4

E(T)PP =

where the young’s modulus E(T) is expressed in units of MPa,
the temperature T is in units of °C, and the coefficients are
rounded to two decimal places.
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The actuator was set with a curvature of R = 6.6 mm at an ini-
tial uniform temperature field of 20 °C. The software was then
used to calculate the thermal-induced deformation and induced
stress normal to the x-axis at a temperature of 150 °C, where the
actuator is expected to be flat. The simulation results shown in
Figure 5b display a nearly flat actuator at a temperature of 150 °C,
quite similar to the actual measurements. Figure 5b,c also shows
the induced stress field due to the deformation at 150 °C. As the
PP has a higher CTE than the PK, the PP expands more than the
PK during heating, causing tensile stresses in the PK-PP inter-
face area and compressive stresses at the surface of the PK layer.
The simulation shows that as the temperature is increased, the
PK-PP interface experiences tensile stresses as high as 15 MPa,
while the PK experiences compressive stresses of —10 MPa near
its surface.

3.5. Applications

A few demonstration devices have been implemeented to show
capabilities of the new actuators. To demonstrate the force that a
single actuator can apply, a PK125-PP120 actuator weighing
70 mg was placed on a 16 mm support span. A steel nut weighing
30 g was attached to the actuator, as illustrated in Figure 6a.
When heated by the IR source, the actuator straightened and
pulled the steel nut up, thus lifting a weight 428 times of its
own. The dashed white line marks the nut base level. The average
unbending time during heating was 18 =25, and the average
bending time during cooling was 6+ 1s. The full video of
weightlifting is available as Video S2, Supporting Information.
To translate the bending motion into a circular motion, an
engine was designed. The engine is based on a cogwheel being
turned when pushed by the shape change of the 2WSMP actua-
tor. The cogwheel was cut from a 125 pm-thick Kapton film, and
the engine body was assembled from BMI 3D-printed parts.

The engine was operated by turning the IR source on and off.
When on, the constant power from the IR source heated the actu-
ator until its temperature reached ~150° and the actuator
straightened, pushing the cogwheel clockwise. When the IR
source was turned off, the actuator cooled and retracted. The
average unbending time during heating was 15+ 3, and the
average bending time during cooling was 23 +65s. A Kapton
stopper (not shown) at the base of the cogwheel prevented it from
turning counterclockwise. With every cycle of heating/cooling,
the wheel was turned by several degrees. Figure 6b shows the
engine during several cycles of operation. The images show
the actuator at both cooled and heated states, and the white dots
visualize the wheel rotation. The full video of the engine motion
is available as Video S3, Supporting Information.

After experimenting with the 2WSMP-based engine, a minia-
ture vehicle powered by a 2WSMP actuator was built. The vehicle
was composed of a front cogwheel, like the one used in the
engine, but smaller in diameter, and two back wheels. The vehi-
cle chassis was 3D printed using BMI. A 2WSMP actuator was
placed with one end between the back wheels and the other on
the cogwheel. A Kapton stopper was placed on a ramp behind the
cogwheel to prevent it from turning in the opposite direction.

For the motion test, the IR source was turned on and off
sequentially, causing the actuator to straighten and bend, thus
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Heating

Cooling

1 Heatoff 2

3 Heatoff 4

Figure 6. a) A single PK125-PP120 actuator lifting a 30 g weight upon
heating by an IR source. b) 2WSMP-based engine at work. The cogwheel
is rotated by switching the IR source on and off (the numbers mark the
order of frames). ¢) Summary of the actuator-driven vehicle movement
test (the numbers mark the order of frames). Scale bars: 1 cm.

turning the cogwheel and moving the vehicle forward. The aver-
age unbending time during heating was 12 + 2 s, and the average
bending time during cooling was 18 + 3 s. The test was stopped
after the front wheel completed half of a cycle, which corre-
sponds to a planar movement of 3 cm. A summary of the move-
ment test is presented in Figure 6¢, and the full video is available
as Video S4, Supporting Information.
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4, Conclusion

Unique 2WSMP bilayer actuators were developed based on PK
and PP. While the PK layer provides rigid support, the PP layer is
responsible for the deflection of the bilayer due to its higher ther-
mal expansion. The PP maintains its mechanical properties over
a wide range of temperatures. This unique combination of prop-
erties allowed the development of a series of 2WSMP bilayer
actuators that differ by their layer thickness. The effects of the
layers’ thickness on the reversible shape memory properties
and the static forces these 2WSMP bilayers can apply were stud-
ied, and their ability to drive a miniature vehicle and engine while
remotely activated was demonstrated.

The magnitude of the actuator motion and its accuracy in
terms of its repeatability were measured in a series of thermal
cycle tests. The results demonstrate that while the PP thickness
strongly affects the actuator motion, its repeatability is extremely
high regardless of the layers’ thickness, suggesting that it can be
controlled in the micrometer-scale range. The amount of static
force these 2WSMP actuators can apply is proportional to the
PP and PK layer thickness. The thickest and strongest actuator
tested demonstrated a static force of 1.3 N at 147 °C, equivalent to
lifting 6500 times its own weight. The theoretical work at the cen-
ter point of the 2WSMP actuators is independent of the PK thick-
ness and depends only on the PP layer thickness. Based on
Timoshenko’s equation, the deflection motion of the 2WSMP
actuators was modeled. Fitting of the experimental results to
those obtained by the model indicates that thermal expansion
variance between the PP and PK layers is the leading mechanism
in the reversible shape memory change. The ideal PP/PK thick-
ness ratio, which yields the highest deformation, is 1.1.

The mechanical, thermomechanical, and reversible shape
memory properties that were established and proven in this work
demonstrate the various possible applications of our 2WSMP
bilayers. These properties can be further developed for
applications in the field of smart materials, for example,
temperature-activated switches, or in the soft robotics field for
remotely operated lightweight devices.
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