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Abstract Shape memory polymers (SMP) have the potential
to be utilized as a lightweight, solid state actuator in modern
reconfigurable structures including as a deployment system
for satellite solar panels or morphing aircraft wings. This pa-
per is primarily concerned with the use of Veriflex-S® shape
memory polymer and bi-directional carbon-fiber-reinforced-
polymer (CFRP) in a flexural unimorph actuator configura-
tion. One of the major deficiencies of SMP unimorphs is the
permanent set (unrecovered shape) after a single or multiple
temperature cycle(s). The novel concept of incorporating
transverse curvature in the CFRP substrate, similar to that of
an extendable tape measurer, is proposed to improve the shape
recovery by increasing the bending stiffness of the unimorph
actuator to compensate for the lack of recovery of the SMP. A
set of experiments was designed to investigate the influence of
transverse curvature, the relative widths of SMP and CFRP
substrates, and shape memory polymer thickness on actuator
recoverability after multiple thermo-mechanical cycles. The
performance of SMP unimorph actuators with varying de-
grees of transverse curvature were evaluated versus that of
traditional SMP unimorphs incorporating a flat substrate. Dig-
ital image correlation was implemented to quantify the out-of-
plane deflection of the unimorph composite actuators (UCAs)
during the actuation cycle. Experimental results indicate that
an actuator with transverse curvature significantly reduces the
residual deformation by at least two orders of magnitude
which could be further tailored to enhance the performance
of shape memory polymers in reconfigurable arrangements.
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Nomenclature
P Substrate Radius of Curvature
c Polymer Width

CF Carbon Fiber

CFRP Carbon-Fiber-Reinforced Polymer
CTE  Coefficient of Thermal Expansion
()% Coefficient of Variation

DIC Digital Image Correlation

L Actuator Length

MAV  Micro Air Vehicle

] Substrate Width

SMP  Shape Memory Polymer

t Polymer Thickness

T, Glass Transition Temperature

UCA  Unimorph Composite Actuator

u,v,w Lengthwise, Widthwise, and Vertical Displacements
x5,z  Lengthwise, Widthwise, and Vertical Coordinates
Introduction

Shape memory polymers (SMPs) are a category of smart ma-
terial with the ability to change their shape upon the applica-
tion of external stimuli such as temperature [1-3], electricity
[4—6], magnetism [7-9], or light [10—14]. Classes of smart
materials include piezoelectrics, shape memory alloys, and
shape memory polymers. Varieties of smart materials practical
for various applications include shape memory alloys in or-
thodontic treatments, piezoelectric actuators for control of mi-
cro air vehicles, shape memory polymers as cardiovascular
stents, and a multitude of smart materials for the morphing
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of aircraft structures [15-24]. Veriflex-S®, the SMP provided
by our sponsors for investigation in this paper, uses a thermal
external stimulus to allow reconfiguration and recovery.
Veriflex-S®, and Veriflex-E®, its higher glass transition tem-
perature counterpart, have been studied extensively by re-
searchers including Li et al. [2, 25-27], Fulcher, et al.
[28-31], Nahid, et al.[32], McClung, et al. [33-38], Lu,
et al. [39-42], Chowdhury et al. [43, 44], Liu, et al. [45],
Cortes, et al. [46], Beblo et al. [47, 48], and Atli, et al. [49].
The Veriflex® SMPs have been utilized for notable applica-
tions including active disassembly for recycling, deployment
of satellite solar panels, and deployable aircraft wings [22, 50,
51].

Veriflex® can be divided into two categories of stiffness
and material behavior: the high glassy modulus and low rub-
bery modulus [35, 36]. At temperatures below the glass tran-
sition temperature (T,) of 62 °C, Veriflex-S® is relatively stiff
and has a high elastic modulus (~1 GPa); however, once the
SMP is heated above T, the modulus drops by several orders
of magnitude (~1 MPa). Veriflex-S® can achieve strains of
approximately 140 % while in the rubbery state and after
cooling below T, maintain this new deformed shape indefi-
nitely [43, 44]. Other specialized SMPs are capable of strains
up to 800 % in the rubbery state [52, 53]. The original/
programmed shape can be recovered by heating the polymer
above T, again. The glassy state is classified as the tempera-
tures lying 10 °C or more below the T,, while the rubbery state
is identified as temperatures lying 10 °C or greater above the
T, [54] The area in between the glassy and rubbery state is
classified as the transition region in which the elastic modulus
transitions rapidly.

SMPs can change their shape from their original/
programmed shape (flat beams in this study) to a deformed/
stored shape and then return to a deployed shape (ideally the
same as the original/programmed shape) when exposed to
elevated temperatures. An illustration of an ideal shape mem-
ory thermo-mechanical cycle is shown in Fig. 1. The SMP
begins in its original shape (Step 1) at a high modulus below
T, and then heat is applied to the sample causing the modulus
to fall into the rubbery state (Step 2). Once in the rubbery state
the sample is bent into the desired deformed shape (a U-
shaped configuration for this study, Step 3) and then allowed
to cool below Ty, locking the current deformed shape (Step 4).
The sample can be stored indefinitely in this unloaded config-
uration (Step 5) while awaiting the reapplication of heat. After
heating, the sample will release and return to the uncon-
strained original/programmed form (Step 6). The sample is
then cooled (Step 7) and would ideally return to 100 % of
the original shape seen before the heating cycle. However, in
reality, the Veriflex® SMP can achieve a final shape that is
only close to the original shape (the deployed shape in this
study). This is reiterated in Fig. 2 which explains the ideal
versus actual stress—strain-temperature behavior for an SMP
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during a thermo-mechanical cycle. The idealized and actual
cycles are identical until the load is released, the fifth step in
the cycle. Ideally, the SMP locks into its current configuration,
however in actuality there is some relaxation that occurs dur-
ing this step. This is shown as shape retention or “fixity” loss
in Fig. 2. Once reheated and cooled the shape memory will try
to recover to its original/programmed shape. However, as the
actual cycle shows the SMP is unable to recover fully and
exhibits some degree of shape recovery loss. Various re-
searchers have studied this behavior and determined that the
recoverability of SMP can vary from as low as 65 % to nearly
100 % of the original shape depending upon testing conditions
[35, 51, 55, 56].

Despite these hindrances SMPs are still advantageous over
other shape memory materials due to the fact that they are low
cost, low density, and highly deformable among other benefits
[57, 58]. Shape memory materials are valued for their poten-
tial use in adaptive structures in applications such as micro air
vehicles (MAVs) and morphing aircraft [59]. The University
of Florida has worked with adaptive structures and MAVs
extensively, adopting both active adaptation with piezoelectric
actuators and passive adaptation with flexible membrane
wings [16, 17, 60—64] . Ifju et al. developed a bendable load
stiffened MAV wing that is compliant in the downward direc-
tion for storing the aircraft, but uses the wing curvature to
avoid buckling due to flight loads [65—67]. Using this knowl-
edge of MAVs and morphing wing structures, a plan of study
was devised for a multipurpose morphing actuator to deter-
mine if the same bendable composite technology used in
MAV wings could assist in increasing the recoverability of
the Veriflex-S® SMP. In order to properly understand the
overall performance of the SMP in a unimorph composite
actuator (UCA) configuration, digital image correlation
(DIC) testing was incorporated to determine the residual de-
formation present. A UCA was described as an element capa-
ble of bi-stable configuration when supplied with an external
stimulus (heat in this case) consisting of one active layer
(SMP) to which the stimulus is applied and one inactive layer
(CFRP) that supports the active layer. A flat CFRP beam (des-
ignated as the CFRP, composite, or simply carbon fiber (CF)
substrate throughout the paper) with SMP adhered to its sur-
face was compared against a transversely curved CF beam
with curvature similar to that of the MAV wing discussed
previously. Additionally, a more detailed survey of the design
space investigating the influence of other variables present
was also documented via DIC. The details of the UCA anal-
ysis and the experimental procedure are explained in the sub-
sequent sections. During the course of experimenting with flat
flexural unimorph actuators, research indicated that by incor-
porating transverse curvature (similar to an extendable tape
measure) in the CF layer one can vastly improve the shape
recovery of an SMP unimorph actuator. The marked increase
in recovery is attributed to the increased bending stiffness of
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Fig. 1 Illustration of a shape memory cycle for the recovery of thermally
activated SMPs. The shape memory polymer is originally programmed as
a flat beam (/), heated above T, (2), deformed into the desired

the unimorph actuator such that it dominates the mechanical
response of the SMP and improves the overall recoverability.
The substrate functions in a bi-stable manner much like an
extendable taper measurer, where it has high longitudinal
bending stiffness while extended (straight) and relatively
low stiffness when rolled. The transverse curvature provides
the high longitudinal stiffness in the straight or near-straight
configurations (original/programmed and deployed states).
Once large longitudinal curvature is applied (deformed/stored
state), the transverse curvature flattens and allows for the
equivalent ease of deformation as that of an initially flat sub-
strate. This can be seen in Fig. 3 where three versions of the
UCAs are depicted in the stored configuration. Upon
reheating the SMP and substrate proceed back towards the
original/programmed state. However, the SMP does not
completely recover. The substrate retains the transverse cur-
vature and overpowers the SMPs poor recovery resulting in a
significant reduction in overall residual deformation of the
UCA. The subsequent sections will cover the findings from
the investigation of flexural SMP unimorphs.
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Fig. 2 Schematic of the stress—strain-temperature behavior of a SMP
during a thermo-mechanical cycle

configuration (3), cooled (4), released from loading (35), heated again
(6), and finally allowed to recover to its deployed flat state while

cooling (7)

Unimorph Composite Actuator Experimental
Procedures and Materials

Unimorph Composite Actuator (UCA) Fabrication

Each unimorph composite actuator consisted of a layer of
SMP bonded to a CFRP substrate. Both flat CF composite
unimorphs and unimorphs incorporating transverse curvature
followed the same fabrication methodology. The SMP was
placed on the compression side of all three actuator types so
the manner of actuation was the same for each UCA configu-
ration. A single layer of [+45°] oriented, plain weave (a one
over one under pattern), bi-directional carbon fiber was cut
and placed on a Teflon® covered plate or curved tooling
board. The [+45°] fiber configuration was used versus a
[0°/90°] because it allowed for the CF to be rolled to a smaller
diameter in the stored state and was more stable during stor-
age. The entire assembly was covered in an additional layer of
Teflon®, vacuum bagged, and cured at 130 °C for 4 h. After
the oven curing cycle, the carbon fiber was cut to the appro-
priate size, then a Veriflex-S® shape memory polymer panel
was bonded to the CF using Araldite® 2011 two-part epoxy at
room temperature. Once the epoxy was completely cured the
composite substrate side of the actuator was coated with flat
white paint. A random speckle pattern was then applied using
flat black spray paint for DIC analysis later.

/Transverse direction

Longitudinal
direction

No
(a) transverse
curvature

Convex
(c) transverse
curvature

Concave
(b) transverse

curvature
Fig. 3 Comparison of a UCA (a) without curvature (flat composite), (b)
with concave transverse curvature, and (¢) a UCA with convex transverse
curvature in the stored configuration
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Digital Image Correlation (DIC) Set-Ups

The primary objective of this research was to determine the
deformation and shape of the actuator samples. This was done
through the use of DIC, a non-contact, full-field shape and
deformation measurement technique developed at the Univer-
sity of South Carolina [68—70]. The DIC system utilized two
Point Grey Research, 5-megapixel, grayscale cameras that
simultaneously captured images of the random speckle pattern
applied to the samples. Images were captured via VIC-Snap™
2009 and later processed via VIC-3D™ 2009 to determine the
deformations and strains. A pair of reference images (one
image per camera) of the CF substrate side of the actuators
were taken after the substrate was painted and before a
thermo-mechanical cycle. These reference images were
contrasted against pairs of images taken over the hour obser-
vation time to determine the deflection as the sample cooled.
Subsequent images were taken before starting each thermo-
mechanical testing cycle. Figure 4 shows the DIC experimen-
tal set-up used to measure the residual deformation, out-of-
plane position, and surface strains of the UCA specimens in
the stored and deployed configurations.

Thermocouple Set-Up

A transversely curved UCA was monitored during the de-
ployed and stored cooling stages to develop a cooling profile
over time. The UCA was outfitted with two Omega® SA1
self-adhesive K-type thermocouples. A thermocouple was
placed in the center of the UCA on both the top and bottom
surfaces to monitor temperature.

Environmental Chamber Set-Up

The UCAs were placed in a Sun Systems® Model EC12 en-
vironmental chamber used to regulate the temperature to the
desired point above the shape memory polymer glass transi-
tion temperature. The temperature was monitored via a ther-
mocouple inside of the chamber and confirmed via a Fluke®
561 series infrared thermometer. Actuator samples were
placed on a Teflon® plate within the chamber to allow for full
expansion under elevated temperature conditions.

UCA Sample Holder Set-Ups

Once samples were removed from the environmental chamber
after the initial 1 h soak time they were bent into a U-shaped
configuration, as shown in Fig. 5(a), and stored in a tabletop
retainer to ensure equivalent loading conditions for all actua-
tors. This apparatus consisted of five 1/4-20 bolts in a U-
shaped configuration secured to the table in order to constrain
the samples from folding inwardly, and two metal blocks
spaced 65 mm apart to constrain the samples in the outward
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Fig. 4 Experimental set-ups for DIC analyses of the UCAs in the (a)
stored configuration and (b) deployed configuration

direction. After the samples cooled in the stored configuration
(Step 4 in Fig. 1) they were then placed back into the environ-
mental chamber for another hour at 85 °C. Finally, the heated
sample was placed, speckle pattern up, on the optical table to
observe the residual deformation as the sample cooled (Step 7).
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(b)

Fig. 5 The (a) stored sample holder constructed for housing the UCA
during cooling (Step 4) and (b) the deployed sample registration used to
ensure the UCA was in the same position after a thermo-mechanical cycle
(Step 7)

Positioning, shown in Fig. 5(b), consisted of three 1/4-20 bolts
placed so that the sample can be repeatedly registered with the
overhead DIC cameras. This setup kept rigid body motion to a
minimum, but additional post-processing ensured the removal
of all rigid body motion the sample may have experienced
during the thermo-mechanical cycle.

Procedure to Measure UCA Recoverability

The step-by-step procedure for measuring the out-of-plane
residual deformation, surface strains, and shape recovery of
the UCA using DIC after a temperature cycle is enumerated
below.

Step 1. After applying a speckle pattern to the sample,
take an initial (reference) image of the UCA using the
DIC set-up shown in Fig. 4(b).

Step 2. Place the undeformed UCA in the environmental
chamber for 1 h at 85 °C.

Step 3. Bend the UCA into a U-shaped configuration and
place it within the holder to cool for 1 h in the stored
configuration.

Step 4. Release the UCA from the holder and return it to
the environmental chamber set to 85 °C. Allow the UCA
to hold for 1 h at temperature.

Step 5. Remove UCA from the oven to start recovery to
the original/programmed position shown in Fig. 5(b).
Step 6. Monitor via DIC while the UCA cools to room
temperature.

Measuring the deformation in the stored configuration was
completed by following steps one through three and six with
the DIC cameras and sample in the configurations shown pre-
viously in Figs. 4(a) and 5(a) respectively.

Materials Characterization

In the succeeding experiments a single layer of [+45°] orient-
ed, plain weave, bi-directional carbon fiber and a single strip
of Veriflex-S® SMP were combined to create the UCAs. Be-
fore the UCAs were characterized as a unit the constituents
were characterized individually. The epoxy and spray paint
were not characterized due to their negligible thickness (0.15
and 0.05 mm respectively) with respect to the SMP and sub-
strate (1.6 and 0.35 mm respectively) in the UCA. The
Young’s modulus and Poisson’s ratio for both of these mate-
rials were calculated from a combination of tension tests and
DIC to measure the full-field displacements under loading
conditions at room temperature. The material properties for
the CFRP were gathered with the fibers in the [+45°] orienta-
tion to coincide with the substrate lay-up. The load and corre-
sponding strains were used to calculate the values provided in
Table 1. Coefficient of thermal expansion (CTE) was deter-
mined by placing the specimens on a specialized hot plate and
monitoring strain with respect to temperature via DIC similar
to the technique used by both Abudarum et al. and Gdoutos
et al. [71-73]. These strain values were validated by measur-
ing the CTE of an aluminum sample concurrently with the
Veriflex-S® and CFRP. Glass transition temperatures were
taken from the manufacturer’s respective published values.
The glass transition temperature of the carbon fiber refers to
the epoxy matrix’s transition temperature which is well above
the glass transition temperature of Veriflex® and the experi-
mental operating temperature. Coefficient of variation (CV)
which is defined as the ratio of the standard deviation to the
mean is provided to display the extent of variability of the data.

Unimorph Composite Actuator Results
Initial UCA Investigation

In order to aid the reader, testing results from three UCAs with
flat, convex curved, and concave curved substrates are pre-
sented to elucidate the testing procedure, analysis methods
and resulting trends. A subsequent section will then cover an
expanded design space to show how geometric parameters
affect shape recovery. Out-of-plane deflection (w) was the
main focus of the UCA experiments as it was used to deter-
mine recoverability. The goal was a UCA with minimal resid-
ual deformation after thermo-mechanical cycle(s) and that
when stored would hold the desired shape. Initial samples
consisted of 200 mm long by 38 mm wide flat (infinite radius
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Table 1 Material properties for
[£45°] oriented, plain weave, bi-
directional carbon fiber and
Veriflex-S® shape memory

polymer

Property CFRP [+45°] Veriflex-S®

Value (&)% Value (6%
Coefficient of thermal expansion () 2.5+02E % K! 8 % 160+15E ¢ K 9.6 %
Young’s modulus (E) 11.8+£0.3 GPa 2.8 % 1.1+0.05 GPa 45 %
Poisson’s ratio (V) 0.79+0.02 2.5 % 0.39+0.01 2.6 %
Glass transition temperature® (T,) 121 °C - 62 °C -

# Manufacturer published values

of curvature) and 63.5 mm radius of curvature carbon fiber
substrates. The CF substrates had a thickness of 0.35 mm. A
12.7 mm wide and 1.6 mm thick strip of flat SMP adhered via
a0.15 mm thick layer of Araldite® 2011 epoxy to the center of
the carbon fiber substrate. The total UCA thickness was
2.15 mm which included a 50 um layer of paint on the sub-
strate surface for DIC measurements. Figure 6 shows a mock-
up of the key variables on a concave curved UCA. In addition
to studying the out-of-plane deflection (w), experiments were
conducted to determine the cooling behavior of the UCAs, the
out-of-plane position (z+w) in the transverse direction, and the
average strain on the UCA surface during cooling.

Post-processing of the DIC data was required to properly
determine the deflection for each UCA over time. Post-
processing was accomplished by extracting the xyz coordi-
nates and uvw displacements for the centerline of each sample
at the desired timestamp. Next, the data was extracted to an
Excel file, the deformation (w) data sorted by timestamp, and
shifted to the desired coordinate system via MATLAB. Once
in the desired x-z plane, the data was rotated to eliminate rigid
body motion making sure to rotate the sample in the x or
lengthwise direction to maintain the correct displacement di-
rections. After rotation the data underwent a final vertical
translation to the x-axis ensuring all images can be compared
in the same coordinate system. This process is illustrated in
Fig. 7. The same process was used to extract and process the
data for the widthwise (y-z plane) out-of-plane position (z+w)
figures presented later.

t (SMP thickness)

Fig. 6 Illustration of the variables of interest for this study on an original/
programmed concave UCA

SEM

Data for the flat, concave, and convex UCA samples were
collected in 2 min intervals for the entirety of the 30 min cool
down time. The centerline shape was measured for the refer-
ence (before any temperature cycle) and at various times after
the temperature cycle. To obtain the deformation (w), the ref-
erence shape was subtracted from the shape after the thermo-
mechanical cycle. To obtain the out-of-plane position (z+w)
the residual deformation (w) seen was added to the original
undeformed shape (z) of the UCA before the thermo-
mechanical cycle. In addition to the out-of-plane measure-
ments, the strain fields were monitored in both the stored
and deployed configurations, as well as thermocouple mea-
surements on both sides of the UCA to establish a cooling
profile. Repeatability and uncertainty experiments were per-
formed during the initial experiments and expanded design
space experiments respectively. These results are shown at
the end of the corresponding sections to confirm the repeat-
ability and statistical significance of the experimental results
shown.

Deployed configuration results

The cooling temperature as a function of time was measured
during cool down for the deployed state (Step 7). A type-K
self-adhesive thermocouple was placed on the top and bottom
surface to monitor the temperature as the UCA cooled. Five
thermo-mechanical trials were conducted on a single UCA
and the average cooling profile is shown in Fig. 8. The ther-
mocouple measurements were accurate within +1.5 °C and the
data shows that there is no statistical difference between the
top and bottom surface temperatures during cooling. The
UCA cooled from 75 to 25 °C in the first 6 min, then reached
ambient temperature on the surface at approximately 10 min.

Following the establishment of the deployed cooling tem-
perature profile, experiments were conducted to determine the
out-of-plane deformation (the deployed position referenced to
that of the UCA before the thermo-mechanical cycle) for flat,
concave, and convex UCAs. Figure 9 show the out-of-plane
deflection of the centerline along the longitudinal direction for
the flat, concave, and convex samples respectively through
30 min of cool down. The data clearly shows that the concave
and convex samples have significantly less residual
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deformation than the flat sample over the 30 min trial. The
concave sample had a maximum unrecovered deformation of
only 0.35 mm while the flat sample had a maximum differ-
ence from the original shape of 12.7 mm, a nearly two order of
magnitude improvement. The convex sample deflected a max-
imum of 1.29 mm in the same time period. The graphs show
that the concave UCA reached peak deflection at approxi-
mately 6 min then relaxed a distance of 60 um by the
30 min mark. The flat UCA continued to deflect until the
30 min mark. Lastly, the convex sample, behaved similar to
the concave sample, approaching maximum deflection at
6 min and then relaxing up to the 30 min mark. The data
shows that a majority of the deformation had already occurred
after 6 min for all samples tested. The data matches the tem-
perature profile results seen during the thermocouple experi-
ments as the majority of cooling occurred in the first 6 min.
After 10 min the substrate and SMP outer surfaces are at
ambient temperature, however, the inner surfaces of the
SMP had not reached room temperature due to the thickness
differences between the substrate and SMP. The SMP contin-
ued to cool and contract from its heated state which explains
the continued deflection seen in the flat UCA. The non-
monotonic behavior seen in the curved UCAs is explained
similarly. The carbon fiber has a CTE that is two orders of

80

70

60

Temperature (°C)
n
o

0 5 10 15 20 25 30
Time (Minutes)

Fig. 8 The average cooling profile of five temperature cycles in the
deployed configuration

magnitude below that of the Veriflex® SMP resulting in a
contraction of the SMP at a much higher rate than the carbon
fiber substrate as the UCA cools. However, after both the
UCA and SMP have cooled for approximately 10 min,
contracting past the stability point of the UCA, the increased
bending stiffness of the transversely curved substrate compen-
sates for this mismatch in CTEs resulting in a slow relaxation
to the equilibrium point. This results in a decreased residual
deflection unlike the flat UCA which isn’t assisted by in-
creased bending stiffness in the substrate. The results indicate
the concave curved configuration over the convex curved con-
figuration should be used for any further testing due to the
minimal deflections seen under comparable conditions.

The preceding tests clearly show that the concept of apply-
ing transverse curvature to a unimorph substrate substantially
improved shape recovery. After determining the maximum
out-of-plane deflections and their relation to transverse curva-
ture the DIC data acquired was also used to view strain fields
as the UCAs cooled. Figure 10 shows the strain fields on the
flat UCA after 30 min. The strain fields were found to be fairly
uniform for all samples so the center section of each UCA was
selected as the area of interest, evaluated, and averaged to get
an average strain value at specific times during the cooling
cycle. The area of interest is exhibited in Fig. 10 as the area
inside of the dashed lines. The averaged values from the area
of interest are shown in Fig. 11 where it was again confirmed
that a majority of the deformation occurs in the first 6 min. All
of the stains at 30 min are less than approximately 0.12 % at
the center of the UCA with the highest strains seen in the
transverse direction of the concave UCA followed closely
by flat UCA in the longitudinal direction.

The last information extracted from the DIC data for the
deployed configuration was the transverse direction out-of-
plane position. This data was processed in the same manner
as the out-of-plane deformation, however, it was taken at the
center of the UCA perpendicular to the lengthwise direction.
Figure 12 displays the out-of-plane position, the original loca-
tion (z) plus out-of-plane deformation (w), for each of the
three UCAs. The flat UCA had almost no change in its
widthwise position after a thermo-mechanical cycle while
the concave UCA actually increased in transverse curvature
providing greater bending stiffness than the original UCA.
The concave UCA increased in height by approximately
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0.5 mm after 30 min which is a 20 % increase in the curvature.
The convex UCA actually relaxed and decreased in transverse
curvature after 30 min. This decrease in transverse curvature
contributed to the convex UCA performing worse than the
concave UCA despite having the same initial radius of
curvature.

An additional set of tests were completed on a new concave
curved sample to determine the repeatability of testing and if
any additional residual deformation occurred as additional
thermo-mechanical cycles were performed on the UCA. A
series of four consecutive tests were conducted and compared
at the maximum out-of-plane position (z+w) at 6 min as well
as at the end of the data collection time. Table 2 shows the data
varied by only 40 um at 6 min and 30 um at 60 min. These
values are well within an acceptable range for repeatability.

SEM

Lengthwise Position (mm)

Deformed/stored configuration results

In addition to determining the characteristics of UCAs in the
deployed configuration (Step 7), multiple analyses were con-
ducted on the deformed/stored configuration (Step 4). Al-
though the main focus of this paper is the x-direction and
the out-of-plane residual deformation, for documentation
and complete understanding of the thermo-mechanical cycle
the strains in the stored configuration and out-of-plane defor-
mation in the y-direction were investigated. The deformed
configuration is the state in which the UCA undergoes its
maximum deformation and it was crucial to determine if the
UCA was still in the elastic range of deformation when stored.
Ifju, et al. have shown previously that in a [+45°] configura-
tion, carbon fiber is capable of enduring high strains with
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Fig. 10 The strain fields on the flat UCA in the (a) x-direction and (b) y-
direction after cooling for 30 min. The area of interest for strain
calculations is area enclosed by the box in the center of the specimens

minimal residual deformation when stored in a cylindrical
configuration, however, it was still essential to quantify the
maximum deformation and surface strains [65—67]. Similar to
the original/programmed state, the cooling profile after the
initial hour soak at 85 °C was established with five thermo-
mechanical trials. The cooling profile closely resembled the
deployed configuration profile as the UCA cools from 65 to
25 °C in the first 6 min, then reaches ambient temperature on
the surface at approximately 10 min. The difference in initial

Strain (%)
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Fig. 11 Average strain at the center of the UCA during the deployed
cooling cycle (Step 7) for flat, concave, and convex UCAs

cooling temperatures (75 °C for deployed vs. 65 °C for stored)
is attributed to the time it took to mechanically deform the
UCA after removing it from the environmental chamber for
the stored configuration whereas the deployed configuration
required no mechanical deformation.

After determining the cooling profile in the stored config-
uration the DIC data acquired in the stored configuration was
evaluated for the strain fields during cooling and out-of-plane
position of the three types of UCAs. Figure 13 shows the
average strain on the selected surface area of the UCAs (iden-
tical to the area on the deployed UCAs) during the storage
cool down. The strain fields were found to be fairly uniform
with a slight decrease in the strain in the longitudinal or x-
direction due to cooling during the first 6 min. Once the sam-
ples had passed this point the strains appeared to be constant
until the storage cooling cycle ended. The mechanical strain
from bending the UCA into the stored configuration was ap-
proximately 1 % while the thermal strain was on the order of
0.1 %. The maximum strains seen were approximately +1.15
and —0.65 % occurring in the flat UCAs x-direction and con-
cave UCAs y-direction respectively. These strain values were
determined to be still within the elastic region for [+45°] ori-
ented carbon fiber based upon previous research.

Finally, the out-of-plane deformation in the transverse di-
rection was extracted from the DIC data to determine the
effect of transverse curvature in the stored configuration. This
data was processed in the same manner as the out-of-plane
deformation however, as stated previously, it was taken at
the center of the UCA perpendicular to the lengthwise direc-
tion. Figure 14 displays the out-of-plane position for each of
the three UCAs in the stored configuration.

All three UCAs have clearly defined reference shapes but,
once placed in the storage container all have negligible trans-
verse curvature. Each UCA had an out-of-plane position of
less than 0.4 mm when in the stored position. The data shows
that in the stored condition all three UCAs have nearly iden-
tical out-of-plane flattened shapes. With the knowledge
gained from the evaluation of the UCAs in both the stored
and deployed configurations it was determined that further
investigation was needed to determine the interactions be-
tween the assorted variables in the construction of the UCAs.
As a result the priority for the subsequent expanded design
space investigations was limited to studying the residual de-
formation of the deployed UCAs due to the similarity of the
UCAs deformations in the stored configuration and minimal
temperature-dependent strains.

Expanded Design Space Investigation
After establishing a point of reference for the interaction be-
tween transverse curvature and residual deformation, further

expansion of the design space was desired to determine the
interactions between the other variables of interest and UCA

SEM
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residual deformation. Only the concave curved UCA was test-
ed and compared to the baseline flat UCA in the expanded
design space because the convex curved UCA performed an
order of magnitude worse than the concave UCA despite hav-
ing the same amount of transverse curvature. As illustrated
previously in Fig. 6 there were five variables of significance:
actuator length, substrate radius of curvature, substrate width,
SMP width, and SMP thickness. Two of the variables were
eliminated from the investigation as fixing the SMP width and
actuator length was required to conserve material as a limited
amount of shape memory material was available. Eliminating
these variables left substrate radius of curvature, SMP thick-
ness, and substrate width as the three variables that would be
altered during the expanded design space investigation. Three
transverse curvatures were investigated and given the
succeeding designations; flat (infinite radius of curvature),
low transverse curvature (127 mm radius of curvature),
and high transverse curvature (63.5 mm radius of curva-
ture). Two SMP thicknesses were investigated; thin
(0.8 mm) and thick (1.6 mm). Finally, three substrate widths
were tested; narrow (25.4 mm), intermediate (38.1 mm), and
wide (50.8 mm). This led to a total of 18 different combina-
tions of UCAs. Table 3 shows the different curvatures, thick-
nesses, and widths chosen for investigation and their respec-
tive designations.

Once all samples were tested for a minimum of three
thermo-mechanical cycles the data was analyzed and the max-
imum out-of-plane deflection was calculated for each UCA.
The data is shown below in Fig. 15 for the 18 samples inves-
tigated. The flat and high transverse curvature samples with
thick SMP and intermediate substrate width, were identical to
the flat and concave samples tested previously.

Table 2  Repeatability testing data for the concave UCA sample

Time 6 min 60 min
Trial 1 positions 1.93 mm 1.81 mm
Trial 2 positions 1.95 mm 1.80 mm
Trial 3 positions 1.91 mm 1.78 mm
Trial 4 positions 1.93 mm 1.81 mm
St. dev. 16 um 14 um
(6% 0.85 % 0.78 %

SEM

Upon analyzing the data, clear trends emerged in changing
transverse curvature, SMP thickness, and substrate width. As
the UCA’s transverse curvature increased, the amount of re-
sidual deformation decreased dramatically. The larger the
transverse curvature (or smaller radius of curvature) of the
substrate, the greater the observed recoverability (or lack of
permanent deformation). The out-of-plane deflection de-
creased from 27.7 mm for the flat, intermediate width, thin
SMP samples to 0.34 and 0.26 mm for the low and high
curvature samples respectively. This demonstrated a two order
of magnitude improvement as a result of including transverse
curvature in the substrate of a UCA. As SMP thickness in-
creased residual deformation also increased in samples with
transverse curvature. The opposite trend was seen in the flat
UCAs. Additionally, deformation decreased considerably as
the carbon fiber width increased from a narrow to intermediate
width. Increasing from the intermediate to wide CF width did
not have a tendency to decrease the deformation as markedly
as the previous increase in width. In some cases increasing the
CF substrate width actually increased deflection. The trend of
maximum deflection versus carbon fiber width is shown in
Fig. 16 for high transverse curvature UCAs made with thick
SMP. In general, a wider composite substrate modestly aided
recoverability with diminishing returns.

When progressing from the stored state (Step 4) to the
deployed state (Step 7), the carbon fiber will achieve an equi-
librium point where the transverse curvature in the widthwise
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Fig. 13 Average strain at the center of the UCAs during the deformed/
stored cooling cycle (Step 4) for the three UCA types
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direction is nearly flat. Most samples can easily snap through
this middle state due to the transverse curvature in the sub-
strate and return to the deployed shape. However, for the low
transverse curvature sample with thick SMP and a wide sub-
strate this point acted as an unstable equilibrium point be-
tween two stable equilibria and thus resulted in elevated resid-
ual deformation compared to that seen in the other UCA sets.
This equilibrium point was also seen in the flat sample with
thick SMP and wide substrate as the residual deformation was
nearly identical due to the combination of CF width and lack
of transverse curvature. This is illustrated in Fig. 17 which
shows the out-of-plane position (z+w) of the reference trans-
verse curvature versus the curvature after a thermo-mechanical
cycle. The graphs show that the flat, wide substrate, thick SMP
UCA and the low transverse curvature, wide substrate, thick
SMP UCA had similar maximum out-of-plane positions in the
transverse direction and out-of-plane deformation in the longi-
tudinal direction after a thermo-mechanical cycle. These
findings further established that this is an unstable equilibrium
point between the stored and deployed states of the UCA.
Analysis of the samples with respect to curvature provides
confirmation that an increase in curvature does significantly
reduce residual deflection and allow greater recovery of the
UCA. The flat sample with thin SMP and intermediate sub-
strate has a maximum deflection of 27.7 mm while increasing
to the highest transverse curvature decreases maximum cur-
vature to 0.26 mm. This is a reduction of deflection of two
orders of magnitude by adding a minute amount of transverse
curvature to the UCA. The trend of maximum deflection ver-
sus increasing transverse curvature is shown in Fig. 18 hold-
ing SMP thickness and CF width constant. These findings

Table3  Radius of curvature (p), SMP thickness (t), and substrate width
(s) possibilities and their respective designations for the UCAs investigated

Nomenclature and supporting values

Transverse curvature Flat Low High
Radius of curvature (p) © 127 mm 63.5 mm

SMP thickness (t) Thin Thick -
Thickness values 0.8 mm 1.6 mm

Substrate width (s) Narrow Intermediate Wide
Width values 25.4 mm 38.1 mm 50.8 mm

display definitive evidence that an increase in transverse cur-
vature allows for greater recovery of the UCA and reduces
residual deflection in the samples.

In order to verify the expanded design space results a series
of tests were completed to quantify the uncertainty and deter-
mine if the results were statistically significant. Due to limited
material availability only eight flat, thin SMP, intermediate
substrate width samples and eight high transverse curvature,
thin SMP, intermediate substrate width samples were tested to
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Fig. 15 Maximum out-of-plane deflection at the end of the 60 min

observation period for the deployed state keeping thickness constant for
the (a) thin SMP and (b) thick SMP UCAs
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determine the out-of-plane deflection range for the UCAs.
These two variants were selected as determining the statistical
significance of curvature was the first priority. Each sample
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Fig. 17 Widthwise position versus out-of-plane position for the thick
SMP, wide substrate UCAs with (a) flat curvature and (b) low
transverse curvature

was evaluated using the same methodology established earlier
and the centerline data extracted for examination. Figure 19
shows the eight out-of-plane deflections for both samples at
the 60 min mark.

These tests show that the maximum standard deviation for
the flat, thin SMP, intermediate substrate width sample was
+2.2 mm with an average maximum out-of-plane deflection of
26 mm. The maximum standard deviation for high transverse
curvature, thin SMP, intermediate substrate width sample was
+0.1 mm with an average maximum out-of-plane deflection of
0.26 mm. In addition to testing the high radius of curvature
and flat UCAs, a single [+45°] layer of intermediate width
carbon fiber of each radius of curvature underwent a thermo-
mechanical cycle. The purpose was to determine the out-of-
plane deflection of just the CF component to the UCA and
find its contribution to the total UCA deflection. After running
tests on all three radii with intermediate widths the out-of-
plane deflections were 0.20 mm for the high, 0.80 mm for
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the low, and 0.89 mm for the flat transverse curvature. The
out-of-plane deflections for flat and high transverse curvature
samples are on the same order of magnitude as the standard
deviations presented previously. Thus, it can be concluded
that the carbon fiber alone is not a significant factor in the
differences in out-of-plane deflections of the flat and high
transverse curvature samples. These tests prove a statistically
significant difference in the out-of-plane deflection as trans-
verse curvature increases. Extrapolating this data to other test
cases indicates that changes in carbon fiber width, shape mem-
ory polymer thickness, and carbon fiber radius of curvature
must be evaluated on a case-by-case basis to determine if there
is a statistical difference.
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Fig. 19 Out-of-plane deflection for eight (a) flat, thin SMP, intermediate
substrate width samples and for eight (b) high transverse curvature, thin
SMP, intermediate substrate width samples

Conclusion

A series of tests were conducted on carbon-fiber-reinforced-
polymer and shape memory polymer composite actuators to
determine the effect of radius of curvature on the residual
deformation. Digital image correlation was employed to mea-
sure the out-of-plane deformation and allowed for the study of
the recovery behavior of these unimorph composite actuators.
In the experiments conducted, a unimorph composite actuator
with a 63.5 mm radius of curvature was able to reduce residual
deformation by two orders of magnitude compared to a flat
unimorph composite actuator keeping all other variables con-
stant. Increased transverse curvature resulted in decreased de-
formation regardless of other variables. Increasing the carbon
fiber substrate width of the unimorph composite actuators had
a measureable effect. The less pronounced results of increas-
ing from 38.1 to 50.8 mm suggest diminishing returns with
increasing substrate width. In general, reducing shape memo-
ry polymer thickness lessened out-of-plane residual deforma-
tion, the exception being when it was adhered to a flat sub-
strate. Unimorph composite actuators display repeatable actu-
ation and storage cycles as they do not increase residual de-
formation with increasing number of cycles. These discover-
ies can facilitate the expanded use of shape memory polymers
on reconfigurable, folding wing micro air vehicles as well as
various other applications.
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