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1 | INTRODUCTION

José Luis Ramirez? |

Xavier Fernandez-Francos® | Silvia De la Flor!

Abstract

In this work, electro-responsive shape-memory actuators were developed by incor-
porating a conductive heater in a dual-curing thiol-acrylate-epoxy shape-memory
polymer (SMP). A conductive heater, consisting of an electrically conductive silver-
ink track printed on Kapton® substrate, was assembled to the SMP, taking advantage
of the dual-curing processing. The shape-memory effect (SME) was activated by the
heat dissipated by the Joule effect in the conductive track. Boron nitride agglomer-
ates were dispersed in the thiol-acrylate-epoxy layers to increase thermal conductiv-
ity and achieve faster shape-recovery. A thermoelectric control unit was developed
to control the shape recovery of the electro-responsive actuators and provide differ-
ent activation strategies. The electrically activated SME was investigated and com-
pared to a traditional SME based on an external heating source given by the dynamic
mechanical analyzer (DMA) apparatus. Electro-responsive actuators were found
extremely faster than the conventional SMPs based on external heating. The fastest
recovery was obtained by the 15% boron nitride actuator, which recovered the
100% of the original shape in only 8 s. The thermoelectric controlling device provided
an optimal control of the shape recovery speed based on the pulse width modulation

of the heating current under the application of a low voltage (5 V).
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smart open-closing mechanisms in industrial applications,” the SMPs

have gained a crucial role in fulfilling the increasing demand of mate-

Shape-memory polymers (SMPs) are a class of stimuli-responsive
materials that are able to change shape in response to an external
stimulus.!? The shape memory effect (SME) consists of recovering a
permanent shape triggered by external stimuli such as heating, elec-
tromagnetic field, light, or vapor. SMPs found a wide range of applica-
tions which is ever wider thanks to the progress and design of more
advanced polymeric materials: from biomedical applications,>~>
through self-morphing and self-deploying structures in aviation,® to

rials suitable for smart applications.

The movement associated with the SME made them extensively
used for the fabrication of actuators, which are mechanical devices able
to change their shape depending on environmental conditions.® An
external heating source is usually used to stimulate the material
response, triggered by the thermal phase transition of the polymeric
network.? 3 In the last few years, several studies have been conducted
on shape-memory composites taking advantage of alternative actuation
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mechanisms such as chemo-responsive,'*1° light activated,'® electro-
responsive,” and microwave heated SMPs composites.

In particular, the growing demand to get rid of external heating
source and the increased interest in self-standing actuators has
channeled research efforts towards electro-responsive composites. In
this respect, electro-responsive composites have been developed
combining thermo-responsive SMPs with an electrically conductive
component. External heating is replaced by a DC voltage applied to
the material, which is able to activate the SME thanks to the heat dis-
sipation produced by Joule effect.*®1? An electrically conductive com-
ponent is necessary owing to the poor electrical conductivity of
polymers. However, the presence of such component should provide
adequate electrical conductivity without undermining shape-memory
properties. One way to obtain a conductive sample is a dispersion of
discrete conductive fillers (i.e., CNTs, graphene-oxide, or metallic par-
ticles). In this case, the actuation capability of the composite strongly
depends on the formation of a percolating conductive network and
the homogeneous filler dispersion, making it hard to achieve high-
speed actuation. For example, Liu et al. reported a non-uniform tem-
perature distribution during the recovery process caused by an inho-
mogeneous dispersion of fillers, leading to differences in resistivity
along the PU/TiO, composite.?®

Furthermore, the high amount of filler needed to obtain enough
high electrical conductivity is usually accompanied by high processing
viscosities, which may prevent the efficient transfer of properties
from filler to matrix.1”

On the other hand, Luo et al. achieved a significantly high recov-
ery speed using a pre-defined network of non-woven carbon
nanofibers (CNFs) incorporated into an epoxy-amine matrix. The
highly interconnected CNFs network guaranteed high electrical con-
ductivity and heat transfer efficiency resulting in recovery times
within 2 and 18 s.2” Other excellent papers dealing with electro-active
shape memory polymers by adding CNTSs are reported by the research
group of Prolongo et al., obtaining recovery efficiencies of around
60%-85% triggered at medium voltage (<80 V).2*

Another successful strategy is to employ conductive layers coated
onto SMP surface: Lu et al. developed electrically conductive compos-
ites by coating the surface of an epoxy-based SMP with a self-
assembled CNFs and boron nitride (BN) nanopaper.?2 The use of BN
significantly enhances the thermal coupling of the layers, leading to a
recovery speed increase. However, the mismatch of electrical and
thermal properties at the bonding interface produced interface dislo-
cations leading to incomplete recovery and low-speed recovery. Con-
siderable enhancement in recovery speed was obtained coupling the
epoxy-based SMP with layers of self-assembled carboxylic acid-
functionalized CNTs and Nafion/silica nanofiber.?®

The dual-curing procedure is a valuable tool for preparing shape-
memory thermosets and complex shaped actuators. In particular, we
demonstrated that thiol-acrylate-epoxy thermosets with relatively low
T and high quality SME could be obtained via dual curing.24%> Our
research group also used a dual-curing process to develop a self-
standing thermally triggered actuator incorporating a pre-programmed

liquid-crystal elastomer layer (LCE, shape-shifting component)

between two layers of glassy thermoset (GT, stress applying compo-
nent) based on off-stoichiometric thiol-epoxy chemistry.2¢?” The LCE
and GT layers were successfully assembled thanks to the dual-curing
processing, leading to a very strong adhesion after the second curing
stage, as reported by Belmonte et al?’ Similarly, dual-curing
processing could be exploited to incorporate a conductive/heating
layer sandwiched between two SMP layers, producing a compact and
mechanically consistent piece. The resulting electro-responsive actua-
tor can be programmed in a temporary shape, and the Joule heating
produced in the conductive layer can trigger the thermal-activated
recovery when needed. The optimal adhesion between layers
achieved would produce, in consequence, a compact and durable
multi-layered structure with efficient heat transfer between layers
and, therefore, efficient actuation upon electrical activation.

In this work, we studied a novel electro-responsive actuation
mechanism based on a flexible heater placed between two layers of a
recently developed shape-memory thermoset.?”> The heater compo-
nent consists of a metallic track printed on a thin Kapton® substrate,
which has been already employed as a substrate material to fabricate
flexible chemo-resistive gas sensors.?® Two main reasons can be
found behind this choice: (i) the combination of Kapton® and the con-
ductive layer would reach a thickness lower than 0.1 mm, so the
global stiffness of the SMP actuator should not be significantly
affected; (ii) since the heater component is originally designed for
wearable sensors, its electrical resistance remains almost constant
even during cyclic bending tests.?° A dual-curing thiol-acrylate-epoxy
thermoset?* was used as SMP, using a suitable ratio between acrylate
and thiol groups (r,) to obtain gelled material after the first curing
stage. To enhance the thermal conductivity of the thermosets and
therefore enable rapid heating throughout the material, BN particles
were dispersed in the thermoset matrix. The electrical activation of
the SME was tested using a thermoelectric controlling apparatus
enabling the pulse width modulation (PWM) of the electrical current
and, consequently, the control of the heating rate. Therefore, the vari-
ation of the actuation speed was investigated by varying the average
current applied instead of the voltage as commonly found in the liter-
ature. This allows us to increase/decrease the actuation speed, always
maintaining a low voltage value of 5 V. A comprehensive comparison
between the traditional thermal-activated shape recovery experi-
ments and electrically activated shape recovery was also carried out.
The effects of multiple parameters, such as BN%, SMP layer thickness,
and heating strategies, were evaluated to point out the beneficial

effects of the electrical activation compared to the traditional one.

2 | EXPERIMENTAL SECTION
2.1 | Materials
211 | SMPlayer

Thermoset based on a thiol-acrylate-epoxy sequential dual-curing sys-

tem were used as SMP component. The acrylate monomers employed
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are a 50:50 (%wt) mixture of tricyclo[5.2.1.02,6]decanedimethanol
diacrylate (TCDDA, Sigma-Aldrich, 152.2 g/eq) and bisphenol A
glycero-late (1 glycerol/phenol) diacrylate (BAGA, Sigma-Aldrich,
242.3 g/eq). A commercial epoxy resin, diglycidyl ether of bisphenol A
(DGEBA, EPIKOTE™ Resin 828, Hexion specialty chemicals) with an
epoxy equivalent weight of 187 g/eq was used as the main epoxy
resin. In addition, a tri(2,3-epoxypropyl)isocyanurate (ISO, Sigma-
Aldrich) with an epoxy equivalent weight of 99.09 g/eq was used as
modifier. The proportion between BAGA and DGEBA is fixed at 50:50
(%wt). Pentaerythritol tetrakis(3-mercapto-propionate) (S4, Sigma-
Aldrich), with a molecular weight per thiol equivalent unit of
122.17 g/e, was used as thiol crosslinker maintaining the ratio
between acrylate and thiol groups fixed at 0.5 (r, = 0.5). 4-(N,N-
dimethylamino)pyridine (DMAP, Fluka) was used as catalyst for both
reactions. 0.05 phr of DMAP were used in all formulations. BN-loaded
thermoset layers containing 10 and 15%wt of BN agglomerate (80 pm
average, PCTL5MHF, supplied by Saint-Gobain), were prepared by
adding BN to the previous formulations.

2.1.2 | Conductive heater

The conductive heater is shown in Figure 1A. The electrode and heater
patterns are made of a DuPont® 5064H silver ink (DuPont Inc.) with a
solid content between 63 and 66%, a viscosity of 10-20 Pas and a
resistivity <6 mQ/sq/25 pm. The polymer substrate is a 50 pm Kapton®
film supplied by DuPont Inc.. Substrate material and silver ink specifics
are summarized in Table 1. Firstly, substrates were cleaned in an acetone
bath for 5 min, followed by an ethanol bath for 5 min and, at last, rinsed
with deionized water and dried at 110°C for 10 min. Once substrates
were cleaned, the stencil technique used in our previous research?® was
employed to deposit the electrode and heater onto the substrate. The
heater pattern showed in Figure 1B was designed to meet four major
requirements: (i) low energy consumption; (i) rapid activation intended
as a short time needed to reach the required activation temperature;
(iii) homogeneous temperature distribution throughout the sample sur-
face and (iv) a design easy to print. As shown in Figure 1C, different
heating profiles can be obtained controlling the current passing through
the heater: increasing the current the target temperature can be

achieved in a shorter time.

2.1.3 | Preparation of thermo-responsive SMPs

Neat samples were prepared following the procedure described in our
previous work?® and using suitable molds and a curing schedule con-
sisting of a first curing stage of 2 h at 40°C followed by a second cur-
ing stage of 4 h at 80°C. Loaded samples were prepared by adding
10 and 15 wt% of BN agglomerate to the formulation. The formula-
tions were mechanically stirred until a homogeneous mixture was
obtained and cured following the same curing schedule of the neat
sample. From this point on, SMPs thus obtained, when thermally acti-

vated, will be named thermo-responsive actuators (TRA).

technologies
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FIGURE 1 (A) Actual photograph of the conductive layer.

(B) Schematic representation of the printed silver net. (C) Preliminary
measurements performed with a thiol-epoxy thermoset film of

0.4 mm used for testing purpose: heating profiles obtained varying
the heating current

TABLE 1 Kapton® HPP-ST and Silver ink 5064H specifics
Kapton® Silver ink
Resistivity at 20°C (Q m) 15%x 10 1.6x1078
Thermal linear expansion coefficient 0.00002 0.002209
(K™
Thermal conductivity (W m~* K™% 0.12 429
Density (kg m~3) 1420 10,490
Heat capacity (J kg * K) 1090 232
2.14 | Preparation of the electro-responsive
actuator

First, intermediate cured SMP material sheets were obtained after the
first curing stage of 2 h at 40°C. Large sheets of 30 x 30 mm? with
three different thicknesses of 0.4, 0.8, and 1.4 mm were prepared.
The heater (9 x 23 mm?) is placed on a SMP sheet (Figure 2A), and a
second SMP layer with the same thickness is placed on top in order to
obtain the sandwich design (Figure 2B). The SMP excess is cut away
from the sandwich, leaving an exceeding width of 1 mm on both sides

(Figure 2B). The actuator was designed with an excess of SMP on
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both edges in order to ensure good contact between the two layers
of SMP and, consequently, to achieve a perfect fit of the conduc-
tive component within the SMP. The assembly is then confined
using Teflon spacers and lightly fastened between Teflon-coated
glass plates (Figure 2C). Finally, the second curing stage of the SMP
material is performed (4 h at 80°C), leading to the desired actuator
configuration. The multi-layered actuators obtained, activated by
the electrical stimulus, will be named electro-responsive actua-
tors (ERA).

2.2 | Thermoelectric control apparatus
(controlling unit)

The thermoelectric control of the actuator is conducted by an elec-
tronic board equipped with a microcontroller, a load switch, a current
sensor and a temperature sensor. The microcontroller commands the
load switch by pulse-width modulation (PWM), allowing the regulation
of the average current supplied to the heater (Figure 3). The

(A) :))
<
30 %‘“7 S
FIGURE 2

microcontroller also drives the heater switch off when the actuator
reaches the required temperature.

PWM is a digital modulation commonly used to control “slow”
physical processes. The control signal periodically switches on and off
at a relative “high” frequency, delivering power to the system in a dig-
itally discontinuous mode. However, as long as the system time con-
stant is sufficiently higher than the switching period, it will be
perceived as an average continuous amount of energy, thereby
enabling the direct control of systems with high inertias without using
added electronics to perform the low pass filtering of the digitally
modulated signal. This is the usual way of controlling electric motors
speed or LED lamps glowing intensity. In our case, the heat released
per time unit will be related to the t,./tpwnm ratio (duty cycle), where
ton is the time the signal is “on”, and tpwpn is the PWM signal period.
In this way, we can control how quickly the temperature increases just
varying this duty cycle (the higher the t,,, the faster the temperature
increase is obtained).

Additionally, the temperature of the heater (Theat) can be indi-
rectly measured at any time. Taking advantage of the quasi-linear

1mm 1mm

I — ©
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Fasten point

“’30

Schematic representation of the electro-responsive actuator (ERA) assembling: (A) assembling of the first shape-memory polymer

(SMP) layer and the heater; (B) assembling of the second SMP layer and cutting to final dimensions; (C) Second curing stage of the assembled
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behavior of the metallic resistances at varying temperatures, the resis-

tance of the heater (Rycat) can be computed as:
RHeat = RHeat,O . (1 + AHeat X (THeat - THeat,O))1 (1)

where Ryeato is the initial value of the heater resistance, apeat is the
thermal conductivity of the heater and Tyeato is the initial tempera-
ture of the heater. Using an ambient temperature sensor together
with the Vijeatin (the input voltage of the heater) sensing, Tieato and
Rueato can be easily measured at the beginning of every experiment.
In order to measure Ryeat, @ shunt resistance Rgens = 10 mQ (precisely
calibrated and with a very low value that is not heated and remains
constant) was added. The value of Ryeat can be deducted from the cir-
cuit analysis (the sensing unit is schematically represented in Figure 3)

as follows:

V .
RHeat = Rsens . <7VHHeit'mt - 1) , (2)
eat,ou

where the heater output voltage (Vijeatout) is measured by the microcon-
troller as lyeat-Rsens: IN this way, combining Equations (1) and (2), the
microcontroller can easily calculate the Tye, during every experiment,
for any device, at any room temperature and any supplied voltage (V).

The microcontroller also performs some user interface tasks.
Once the actuator is connected to the apparatus, the software inter-
face requires the insertion of a set-point temperature (T.y), which is
the target temperature the actuator should reach, and the heating
strategy (related to the time spent in reaching the target temperature).
The heating strategies are named after the percentage value of the
maximum speed at which the set-point temperature is reached. In this
paper, the electro-responsive actuators (ERAs) were heated at
T.et = 120°C employing three heating strategies (25%, 50%, and
100% heating speed). At the same time, the power supply was limited
at Vgait = 5 V. Using this controlling board, many different actuation
strategies can be studied by modulating the heating current,
maintaining the supply voltage constant, and with a very low value
(in the working range of a USB charger).

2.3 | Characterization of the TRAs
Dynamic mechanical analysis was performed to characterize the
effect of BN% on the thermomechanical properties of the SMP in use.
TA Instruments dynamic mechanical analyzer (DMA) Q800 equipped
with a three-point bending clamp (15 mm) was used to characterize
the relaxation process. Prismatic rectangular samples
(15 x 6 x 2.5 mm?) were analyzed in oscillation mode at 1 Hz, 0.1%
of strain amplitude and at a heating rate of 3°C/min from 20 to
150°C. The T, was determined as the tans peak temperature, and
glassy (Eg) and rubbery (E,) moduli were determined at O and 100°C,
respectively.

The flexural modulus (Espmp) of final SMPs was determined with

the same apparatus and clamp with a force ramp at a constant rate of
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1 N/min in controlled force mode. The slope (m) within the linear zone
of the force-displacement curve was obtained, and Espp was calcu-

lated following Equation (3):

L*m

awt ©

Esmp=

where L is the support span, and w and t are the width and thickness
of the test sample, respectively.

The thermal conductivity of the SMP was measured using the
Transient Hot Bridge method (THB) using a THB 100 device from Lin-
seis Messgerate GmbH. An HTP G 9161 sensor was used with a
3 x 3mm? area calibrated with polymethylmethacrylate (PMMA),
borosilicate crown glass, marble, Ti-Al alloy, and titanium. Two equal
polished circular SMP samples (10 mm in diameter and 2.3 mm in
thickness) were placed in each face of the sensor. Due to the small
size of the sensor, side effects can be neglected. A measuring time of
100 s with a current of 10 mA was applied to the five measures done
for each different formulation.

The thermally activated shape recovery of all the TRAs was
recorded through free recovery experiments carried out using the
DMA equipment in force-controlled mode, equipped with a 3-point
(15 mm).
(11 x 25 x 0.8 mm®) were previously programmed in a curved shape

bending clamp Rectangular flat samples
following the next steps: (i) the sample was heated up in an oven
to the programming temperature (T, + 20°C), and then deformed
to a curved shape using a bending guide a shown in Figure 4A;
(ii) the bending guide and the sample were rapidly cooled down
with ice water while maintaining the force applied; (iii) finally sam-
ples were unloaded. The programmed (curved) samples were
placed on the DMA clamp as shown in Figure 4B left, and the
shape-recovery process was monitored under constant heating
rates of 3, 5, and 10°C/min until the final shape (flat) is recovered
(Figure 4B right). A slight preload force of 0.1 N was used to
ensure good contact with the sample during the monitoring of the
shape recovery process. Figure 4C shows a schematic representa-
tion of the experimental setup. The displacement of the movable
clamp d(T) was used to calculate the shape recovery rate, SR(%),

following Equation (4):

SR(%) = (1 72'(”) x 100, @)

max

where dax is the displacement obtained by the original shape prior to
sample programming. The instantaneous shape-recovery speed

SRspeed (T) Was calculated by Equation (5):

ISR(T)

SRspeed = oT . (5)

Using the SRqpeed(T) curve, the temperature of maximum recovery
speed and the temperature range of the process were determined as
the peak of the curve (Tyea) and as the width of the curve at half-

height (ATpeak), respectively.
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FIGURE 4 DMA unconstrained recovery experiments: (A) programming process; (B) sample leaned on the DMA clamp before and after the

recovery process; and (C) illustration of the DMA testing procedure

2.4 | Characterization of the ERAs

The flexural modulus of the electro-responsive actuator (Egra) was
determined by a DMA force-controlled analysis as detailed in the
above section. DMA oscillatory analyses on the assembled actuator
were also performed to determine the effect of the layered structure
on the thermomechanical properties. TA Instruments DMA Q800
equipped with a three-point bending clamp (15 mm) was used. Assem-
bled ERAs were tested at 1 Hz, 0.1% strain amplitude, and 3°C/min
heating rate.

The electrically activated shape recovery of the actuator was ana-
lyzed as follows. The programming process was performed with the
same methodology described in Section 2.3 (Figure 4A). After remov-
ing the force applied, the sample was perfectly dried and connected
to the controlling unit to activate and monitor the shape recovery.
The electro-responsive actuators were heated at Ty = 120°C
employing three heating strategies, 25%, 50%, and 100%, while the
power supply is limited at 5 V (Vgait = 5 V). The recovery strategies
were named fast, medium, and slow, indicating the 100%, 50%, and
25% strategies, respectively. The recovery process was recorded using
a high-resolution camera and further analyzed frame by frame, mea-
suring the angles as shown in Figure 5 and applying Equation (6) on
each frame.

0060

RV =100

% 100, (6)

where SR(%) is the percentage of shape recovery, 6, is the angle at

t = 0 s and 6, is the angle at time t. A frame interval of 1 s was used

for 50% and 25% strategies, while a frame interval of 0.25 s was used
for 100% strategy.

3 | RESULTS

3.1 | Characterization of the TRAs

Thermomechanical properties of fully cured SMPs were investigated
to assess the effect of the BN particles, which are expected to
increase the material toughness without altering the Tg.30 Moreover,
BN particles are proven not to increase the electrical conductivity of
epoxy-based thermosets, keeping their electrical insulation.*%3? In
Figure 6, the evolution of storage modulus and tand with respect to
temperature are presented. As expected, incorporating 10%wt BN
filler leads to a noticeable increase in the storage modulus, while only
a slight increase was found when increasing BN filler content from
10 to 15%wt. On the other hand, it can be observed that the glass
transition (peak of the tand) is not significantly affected by the filler.
DMA results are summarized in Table 2 together with the measured
value of Esmp. BN loaded samples showed a similar value of T, while
the FWHM slightly increased, probably due to a slight increase in net-
work heterogeneity. It is noteworthy that only a small broadening of
tand evolution is present, otherwise, shape-memory properties would
have been adversely affected in terms of recovery speed.®? Further-
more, the increase of BN %wt leads to an enhancement of the rub-
bery modulus E',, which also has beneficial effects on shape-memory
properties, particularly in constrained recovery processes. With

respect to the flexural moduli measured at 25°C, it increases about
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50% when 10%wt of BN is used, and almost a 70% in case of 15%wt
of BN, as a direct consequence of the presence of filler.

The effect of increasing %wt of BN on thermal conductivity
was also investigated, and results are presented in Figure 7. Incor-
porating BN fillers significantly enhances the thermal conductivity
of these thermosets: 15 wt% sample reaches a thermal conductivity
of 0.587 W/mK, which is almost three times higher than the value
reached by the neat sample (0.206 W/mK). This high increase in
thermal conductivity has been pursued to ensure the ERAs' high
recovery performance. It is acknowledged that higher thermal con-
ductivity will positively affect both Joule and conventional heating
processes, allowing faster and more homogenous heating through-
out the whole sample in any case. However, this effect is more pro-
nounced in electrical heating because the system can increase the
power to reach the target temperature faster than in the oven. If
the power is increased but the thermal conductivity is low, the sam-
ple can be internally overheated and damaged. This is not the case
with external heating where it is difficult to overheat and damage

the sample.

§ °
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0,,4= 180°C

end’

Recovery process

The shape-memory behavior of these materials was investigated
with free-recovery experiments in DMA apparatus, as explained in
Section 2.3. Samples were programmed in an oven, and then the
recovery process was monitored with the DMA at different heating
rates. When analyzing the recovery process at 3°C/min, it can be
observed that the presence of BN filler slightly affects the shape
recovery (Figure 8). At this heating rate, the presence of BN slightly
retards the recovery process compared to the neat sample. The maxi-
mum effect was found for the 15%wt sample, which shows a higher
Tpeak (@about 1°C higher) and ATk, leading to an increase of tsy-os9
from 4.05 to 8.01 min (Table 3). The observed delay can be ascribed
to the broader tand peak obtained for 10% and 15% samples. More-
over, the recovery of 15%wt seems to slow down in the final stages,
probably due to the presence of the filler hindering the network elas-
tic response.

The effect of the heating rate on the recovery process was also
investigated to explore a way to control the speed at which the
actuation is triggered. As expected, the activation of the shape-
recovery is significantly anticipated in time because the sample
merely takes less time to reach the activation temperature. There-
fore, t594_959 (calculated as the amount of time between 5% and
95% of the recovery process, SR(%)) is significantly reduced to
about 1.5 min. Although the recovery process is fast, Figure 8A
clearly shows that the T,k increases with the heating rate. This
effect can be due to either viscoelastic or heat transmission issues:
when the sample is rapidly heated, the material does not have the
necessary time to relax its network structure, leading to a delay in
the recovery of the shape.

On the other hand, samples in the oven are heated by convection
which can produce a slight temperature gradient from the surface to
the sample core. Increasing the heating rate produces a more signifi-
cant gradient, shifting the recovery process to a higher temperature.
In this scenario, the difference in Tpe. between Neat and BN loaded
samples is slightly reduced and, at 10°C/min, samples with BN slightly
anticipate the neat sample recovery. The higher thermal conductivity

obtained with BN particles enhances the heat transmission within the
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Eg(MPa  E,(MPa)®  T,(°C) T,+30(°C) FWHM(C)  Esup(GPa)® TABLE 2~ Summary of
thermomechanical properties of all
Neat 3067 16.3 56 86 10.1 1.30 investigated materials. Coefficients of
10%wt 3637 25.7 55 85 11.8 2.00 variation less than 2% for
15%wt 3881 296 55 85 116 218 thermomechanical data and 5% for
flexural moduli
#Calculated at 20°C.
PCalculated at 100°C.
“Calculated by Equation (3) at 25°C.
0.7
= Preprogrammed ERAs were connected to the controlling unit which
:g 06 == can modulate the current passing through the heater at three differ-
é < 05 F ent levels, corresponding to three heating strategies: fast, medium and
g é 0a | I slow. In order to minimize any eventual external friction, samples
TL; E were hung midair with a gripper. The shape-recovery process over
g 03 time is reported in Figure 10. In contrast with classical thermal trigger-
é 02 ing, the higher thermal conductivity obtained with BN fillers clearly
o1 | results in faster activation of the recovery process and reduced recov-
ery time (Table 5). In this configuration, the sample got heated up
0 from the inner layer and therefore, thermal conductivity plays a crucial
Neat 10 %wt 15 %wt

FIGURE 7 Thermal conductivity of the shape-memory polymers
prepared varying the proportion of boron nitride

sample, reducing the temperature gradient and, therefore, a lower
Tpeak- A clear trend in SR(%) is not visible (Table 3) and all samples

recover about 97%-98% at all heating conditions.

3.2 | Electro-responsive actuators characterization
First, thermomechanical properties of the composite assembly were
tested together with the resulting flexural modulus. As shown in
Figure 9 for the 10%wt BN actuator, the heater positioned at the
mid-plane does not significantly affect the thermomechanical behav-
ior. The most visible effect is on the shape of the tand peak. As
expected, a broader peak is obtained for the actuator due to the het-
erogeneity of the sample resulting from the assembly of the different
layers. Although the SMP layers have identical properties and Tg, the
Kapton® substrate of the heating layer has a T between 360 and
410°C. Therefore it remains in the glassy state while the other layers
relax. Despite so, even in the rubbery region, where the glassy
Kapton® response could be dominant, only a slight increase of E', is
detected. The flexural modulus of the assembled actuator was also
measured, and the results are presented in Table 4. It can be seen that
the flexural moduli of the assembled samples show only a slight
increase with respect to Egyp in all %wt of BN, probably owing to the
incorporation of the more rigid layer. In light of these findings, we
assume that the presence of the intermediate layer would not results
in appreciable effects on the SME.

The recovery process of the electro-responsive actuators was

tested in unconstrained conditions under 5 V of applied voltage.

role in accelerating the heat transmission outwards. Loaded samples
took less time to recover the initial shape in all three activation
conditions.

The best results are obtained by the 15%wt ERA, which could
recover almost the 100% of the original shape in just 8 s with the fast
heating strategy (Figure 10A). In particular, loaded samples could
recover 80% of the original shape in only 4 s; then, the recovery pro-
cess slightly slowed down, probably due to a network structural
effect. Recovery time and velocity can be controlled by the intensity
of the current responsible for the Joule heating. Gradually slower
recovery processes are obtained by reducing the heating current, as
shown in Figures 10B,C. The highest recovery ratios between 99%
and 100% are obtained with fast and medium strategies, while slightly
lower recovery ratios (around 97%) are obtained with the slow
heating strategy. This effect can be ascribed to a less powerful Joule
heating originated by the lower current intensity employed for the
slow strategy.

In order to better understand the electro-activated shape-recovery
process, the time-dependent temperature profiles of 10 wt% of BN
loaded ERA were determined for all heating strategies (Figure 10D).
Heating profiles were obtained using a PT100 temperature probe stuck
on the SMP surface during heating. As expected, the heating rate
strongly increases with the lyes (from slow to fast strategy), as well as
the maximum temperature reached on the surface of the ERA also
increases. Although the Tyt = 120°C was only reached with the fast
strategy, all strategies can easily reach the actuation temperature. In par-
ticular, the ERA recovers the initial shape in the same temperature range
for all heating strategies and at a temperature close to the Tye.« found
for 3°C/min recovery experiment in DMA.

The possibility of controlling the recovery process speed can be
exploited to obtain different actuation strategies that can be adjusted
to the final application. In bending mode, for constrained recovery or

partially constrained process, the thickness of the actuator is a
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FIGURE 8
(B) Shape-recovery evolution along time

TABLE 3 Parameters obtained from
unconstrained shape-memory analysis at
different heating rates. Coefficients of 3°C/min 0
variation less than 2% 10

15
5°C/min 0
10
15
10°C/min 0
10
15

BN %wt

commanding parameter because higher recovery forces or higher
work output can be obtained with higher thicknesses. Therefore,
the effect of increasing the tj,yer of SMP with 10 wt% of BN was
also tested with all heating strategies and the results are shown in
Figure 11. In Figure 11, the induction time is defined as the time
needed to reach a SR(%) = 3%. Thicker layers produce the increase
of the total recovery time and a significant increase of the induction
time or the time the sample takes to get heated from ambient tem-
perature to the start of the transition process. The more significant
effect can be seen for the slow heating strategy (25%). As discussed
above, the lower current intensity produces a less powerful Joule

heating which, combined with the higher layer thickness, results in

- = 10 %wt
...... 15 %Wt

12 16 20

Time (min)

Free recovery experiments at three different heating rates: (A) instantaneous recovery speed evolution with temperature; and

Tpeak (°C) ATpeax (°C) SR (%) t59-95% (Min)
53.4 5.1 97.7 4.05
54.6 52 99.7 4.08
54.9 54 97.3 8.01
60.5 5.9 99.1 2.85
61.4 5.9 98.6 2.77
61.0 6.4 97.5 4.89
75.9 6.9 98.0 1.30
75.7 7.0 98.7 1.50
74.8 7.1 98.1 1.48

a significant induction time between 20 and 40 s, depending on the
thickness.

Regarding the results obtained when heating in the oven, the
electrically activated shape-recovery is enormously fast and effi-
cient, even with thicker SMP layers: moderate energy level is
employed to heat the material with almost no energy losses. On the
other hand, for traditional thermally activated actuation, extra heat
power is always required to increase the whole ambient tempera-
ture, wasting much more energy than the actual heat needed by the
sample.®®

From the above-presented results, it can be seen that high-speed

actuation at relatively low voltage has been obtained. The combined
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FIGURE 9 DMA analysis of 10%wt boron nitride (BN) (BN) electro-
responsive actuators (both shape-memory polymer layers thickness are
0.4 mm each) compared with the 10%wt BN thermo-responsive
actuators (TRA) (0.8 mm thickness): characteristic thermomechanical data
are also indicated (values obtained for the 10%wt BN TRA in brackets)

TABLE 4  Flexural modulus values of the electro-responsive
actuators (ERAs) and thermo-responsive actuators (TRAs) samples.
Coefficients of variation less than 5%

BN (%wt) Esmp (GPa)® Exapton® (GPa)° Egra (GPa)°
0 1.30 238 1.38
10 2.00 2.10
15 2.18 2.34

#0.8 mm thickness.
bTensile modulus.
“0.4 mm SMP layers thickness.
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FIGURE 10

use of BN particles and conductive heater layer leads to recovery
times lower than other electro-responsive actuators found in litera-
ture: PU-TiO, SMP composites developed by Liu et al. recovered their
permanent shape in about 60 s under 70 V applied?®; epoxy-based
SMP composites presented by Lu et al. achieved complete recovery in
74 s (4.8 V)?2; PU composites incorporating printed carbon nanotube
layers proposed by Wang et al. recover the shape in about 30 s.3*
Bilayer shape-memory composites developed by Zheng et al.®> took
around 220 s to recover their shape under 5 V voltage applied. Higher
actuation speed can be found in the literature but at significantly
higher voltage (around 20-40 V).17-23:3¢37 The comparison in terms of
power (W) is not always possible due to insufficient data available. In
this investigation, electro-activated SM experiments were conducted
applying 0.84, 1.8, and 3.5 W (respectively slow, medium and fast)
depending on the heating strategies. Similar electric power values
were found for RGOP/epoxy composites,® which recovered the
shape in 5 s when 3.6 W were applied. Lu et al.??> shape-memory
nanocomposites recovered the initial shape in 72 s when 2.3 W were
applied, while, with the medium heating strategy (1.8 W), our actuator
showed a significantly faster recovery. Recently, electroactive poly-
mer composites for soft actuators developed by An et al.®® reached
similar recovery times (7 s) with lower electric power (less than 1 W)
applied.

As it can be concluded, the voltage supplied to our thermoelectric
control is the USB standard voltage, and the value of current is well
below the maximum value provided by a commercial USB charger.
The flexibility in terms of power source is a strong point in favor of
the applicability of our system.
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(A) Shape recovery ratio over time for the fast heating strategy. (B) Shape recovery ratio over time for the medium heating strategy.

(C) Shape recovery ratio over time for the slow heating strategy. (D) Joule heating profiles of electro-responsive actuators loaded with 10%wt of boron nitride
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TABLE 5 Characteristic values of the electrically triggered recovery process at three different actuation strategies. Coefficients of variation

less than 2% for shape-recovery data

Fast—701 mA

Medium—361 mA Slow—168 mA

tlayer (mm)a trecovey (5) Vrecovery (%/ 5)

Neat 0.4 11.2 15.9
10%wt 0.4 9.0 19.8
15%wt 0.4 8.0 223

®tiayer is the thickness of each of both shape-memory polymer layers.

A o
) BN 10wt%
o 40 . P
£
= 20 "
[} -
= ”’
T 1w .- A
o $oo e
0.4 0.8 15
SMP layer thickness (mm)
(B) 160
> BN 10wt%
v 120 »
E
- "”
g ® e
g o
40 o a
: S S
R
0.4 038 15

SMP layer thickness (mm)

FIGURE 11 Variation of the induction time (A) and recovery time
(B) with shape-memory polymer thickness at three actuation
strategies: slow (@), medium (A), and fast (#)

4 | CONCLUSIONS

Novel electro-responsive shape-memory actuators were developed
combining dual-cured SMPs and flexible conductive heaters. The
dual-curing processing was exploited to incorporate the conductive
heater in the SMP. First, 10 and 15% of BN agglomerates were added
to the SMP matrix to increase thermal conductivity. The addition of
BN fillers led to a 300% increase of thermal conductivity and an
increase of flexural modulus around 70%, while the relaxation process
is not significantly affected. A thermoelectric controlling unit was
designed in order to characterize the electrical activation of the SME.
The shape-memory behavior of the thermo-responsive and the
electro-responsive actuator was characterized and compared to deter-
mine the advantages of the electrically driven Joule heating in front of
the traditional external heating. The SME was tested at different
heating rates or heating strategies in both activation mechanisms. The
demonstrated

electro-responsive actuators significantly  higher

trecovey (5) Vrecovery (%/5) trecovey (5) Vrecovery (%/5)
26.0 6.1 68.0 1.6
21.0 7.9 58.0 1.9
21.0 9.1 57.0 20

recovery velocity than traditional thermo-responsive actuators; the
lowest recovery time achieved was the 8 s reached by the 15% BN
actuator with the fast heating strategy. The effect of the increased
thermal conductivity was also visible since the increase of BN% led to
faster recovery with all heating strategies. Finally, the controlling unit
proposed in this work allowed an excellent control on the recovery
process by providing a different heating strategy maintaining a fixed
and low value of voltage (5 V).
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