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Shape-memory Nitinol holds burgeoning promise as smart actuators due to its effective resilience, high
energy density, and scalability for a myriad of mesoscale machines and robotic applications. However,
the higher actuation temperature and prolonged cooling time for a cyclic response make Nitinol
precarious and less appealing for commercial use. On the contrary, hydrogels belong to the three
dimensional (3D) polymer family where the bulk of the matrix encapsulates water (=80-90 wt%)
constituting a compelling heat-trapping medium. In this paper, we demonstrate a novel self-cooling
mechanism comprising a Hydrogel-matrix Encapsulated Nitinol Actuator (HENA) where the heat emitted
due to the high temperature (200-400 °C) of Nitinol is trapped in the hydrogel-matrix, maintaining
a surface temperature of 20-22 °C. For quantitative analysis, we performed control tests with the state-
of-the-art Silicone Elastomer Nitinol Actuator (SENA) which maintained a three times or higher
temperature profile (65-90 °C) than its HENA counterpart. HENA is able to entrap 85% heat for
actuation of 200 cycles while SENA dissipates the same amount in the first cycle. For impending
biomedical applications, HENA with a single Nitinol wire shows a bending displacement up to 45% of its
length for trans-oral navigation purposes. A HENA soft robotic gripper with two Nitinol wires can carry
delicate, low-melting-point food items (e.g. cheese, chocolate, tofu etc.) with different morphologies
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1 Introduction

Soft robotics is an evolving subfield of robotics, with diversified
applications? from wearable devices* to tools and manipula-
tors for endoscopic procedures,>® as well as biomimetic robots
for rescue and exploration.”® A large amount of effort has been
made in designing effective actuators with programmable
matter®™ to deform a soft, compliant, continuum body to
achieve locomotion, manipulation, or other tasks.'” Nitinol
actuators, a class of shape memory actuator (SMA),"”* have
a robust strength to weight ratio,'* are naturally compliant, and
have a higher resiliency.” Nitinol wires are Joule heated by
a controlled voltage, which allows for an electronic control
system. SMA actuation signals, unlike tendon driven systems,
are transmitted through the copper wires and are not

“Department of Biomedical Engineering, National University of Singapore, Singapore.
E-mail: ren@nus.edu.sg

*Department of Otorhinolaryngology — Head and Neck Surgery, Singapore General
Hospital, Singapore

‘Duke-NUS Graduate Medical School, Singapore

“Department of Chemical and Biomolecular Engineering, National University of
Singapore, Singapore. E-mail: checp@nus.edu.sg

T Electronic  supplementary  information available. See DO
10.1039/c9ra05360c

i These authors contributed equally to this work.

(EST)

34244 | RSC Adv., 2019, 9, 3424434255

that weigh up to 450% of its own weight.

significantly affected by the tortuosity of the path. Nitinol can
enable the actuation mechanism in endoscopes and guide-
wires, to improve the safety of distal control, especially in
complicated endoscopic routes.’® Implementation of SMA
springs is quite common'’>* due to the larger range of actuation
force and energy density. Nitinol wires, on the other hand, have
the potential to further reduce device dimensions where
commercial Nitinol springs are 300 pm in diameter. On the
contrary, Nitinol wires can be as small as 25 um. Only ref. 14
utilizes Nitinol wires for curvature (with a more than 8 h
fabrication process) while ref. 24-26 utilized changes in tendon
length of the Nitinol wire to derive bending.

Nitinol’s diversified applications coupled with the slow
natural cooling time®” can be overcome by several methods such
as fan cooling,*® Peltier cooling,* water jet cooling,* use of
a mobile heat sink,** cooling with compressed air,** silicone
grease,* mineral oil, and thermal grease.** Recently, a Nitinol
actuator with integrated water cooling module** was developed
with active control of water velocity and airflow based on the
phase of the cycle to improve the actuation. Most of these
methods have a control set up and active monitoring of the
actuation phases. To cool the Nitinol in the actuator effectively,
a static cooling method is more suitable for specific applica-
tions such as a robotic joint.** The cooling of the Nitinol can be
achieved by coating Nitinol with a thermally conductive

This journal is © The Royal Society of Chemistry 2019
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elastomer.” Hydrogels, on the other hand, with their hydro-
philicity can be considered as a coolant, entrapping the thermal
energy without the surface temperature changing much.***’
Here, we demonstrate a self-cooling actuator (=1 g) at a milli-
meter to centimeter scale with two degrees of freedom (DOFs)
controlled at the distal end with minimal control set up. The
actuation is due to Joule heating of a single curvature based
Nitinol (shape memory alloy) wire and the antagonistic motion
by the sodium alginate hydrogel-matrix, achieving bending
angles of 17-35°. We demonstrate HENA navigation in the oral
cavity of the cadaver and a soft robotic gripper carrying different
morphological objects (1.5-9.2 g). However, Nitinol has a low
efficiency (1 to 5%) due to the thermal nature of the phase
change,*®*” which limits the battery operation life. In this study,
we are using an external DC supply to operate the Nitinol and
overcome battery life limitations.

2 Results and discussions

To fabricate the actuator (HENA), we first prepared the
hydrogel-matrix (Fig. 1A-C) and then assembled with Nitinol
(Fig. 1D). The cross-linking of the hydrogel-matrix is shown
schematically in Fig. 1A-C (more information is outlined in the
Materials and methods). Inside this PAAm-alginate hydrogel
matrix, alginate chains are composed of mannuronic acid (M
unit), guluronic acid (G unit), and combinations of both.
Moreover, cations like Ca®>" help G blocks to expedite ionic
cross-linking and form a water base-alginate hydrogel. On the
contrary, polyacrylamide hydrogel based polymer chains are
formed via covalent cross-linking. Finally the hybrid alginate-
polyacrylamide is formed via covalent cross-linking of the
amine group inside the polyacrylamide polymer chains and
carboxyl groups on the alginate chains. In order to quantify the
level of cross-linking inside the PAAm-alginate hydrogel matrix,
Fourier Transform Infrared (FTIR) spectroscopy was conducted
in ref. 40. Results of the FTIR incorporated in ref. 40 demon-
strated a peak at 1280 cm ™" for C-N stretching. A similar trend
of bonds formed between -NH, groups of polyacrylamide and
carboxyl groups of alginate is expected in this study and hence
a robust cross-linking is established. Two designs of HENA are
fabricated: HENA-C, where the Nitinol is thermomechanically
programmed to be curved (with a 20 mm radius of curvature)
and is embedded in a straight hydrogel-matrix; and HENA-S,
where the Nitinol is thermomechanically programmed to be
straight and is embedded in a curved (20 mm radius of curva-
ture) hydrogel-matrix. The design and dimensions of the mold
used in the fabrication of HENA-C and HENA-S are explained in
detail in the Materials and methods. HENA-C and HENA-S are
then tested for their bending performance.

2.1 Bending performance of HENA

The HENA, which comprises Nitinol and the hydrogel-matrix, is
actuated based on Joule heating of the Nitinol, thus the
temperature is raised and the martensite fraction converts to
the austenite phase, thus the HENA reverts to the programmed
configuration (antagonistic to the conformation of the
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hydrogel-matrix), as shown in Fig. 1G. When deactivated, the
hydrogel-matrix, which is stiffer than the martensite Nitinol,
defines the total curvature and brings the HENA back to the
initial position. During the austenite transformation, Nitinol is
stiffer than the hydrogel-matrix, and exerts a force to change the
total curvature.

The bending performance is tested for different diameters
(250 um, 375 um, and 500 um) of Nitinol wires at different
voltages (5.5 V, 6 V, 6.5V, and 7 V). Current is passed through
the HENA to cause actuation for 2 s and the HENA is deactivated
for a 3 s recovery period, completing a cycle. The maximum
displacement of all diameters of individual Nitinol wires that
are thermomechanically programmed curved and straight
actuated at different voltages is acquired from the change in
displacement over a cycle and plotted in Fig. 2D and E,
respectively. For both conformations, displacement of indi-
vidual Nitinol increased sinusoidally during the actuation
phase for all diameters (250 pm, 375 um, and 500 pm). During
the recovery phase, 375 um and 500 um Nitinol wires remained
in the maximum displaced position that was reached at the end
of the actuation phase, whereas a slight recovery in the
displacement was observed for the 250 pm Nitinol wire. The
maximum displacement of the Nitinol programmed curved
increased almost 10 mm for a voltage increase from 5.5 Vto 7 V
and decreased approximately 2 mm for an increase of Nitinol
wire diameter from 250 um to 500 um. However, the maximum
displacement of the Nitinol programmed straight increased
only 1 mm for a voltage increase from 5.5 V to 7 V and increased
almost 5 mm for an increase of Nitinol wire diameter from 250
pm to 500 pm.

The bending performance of HENA-C and HENA-S is tested
for all diameters at all voltages and compared to that of the
individual Nitinol wires for the same cycle period. For both the
conformations, during the actuation period, HENA reached
almost 55% of the displacement achieved by individual Nitinol
wire and required more time to reach the peak compared to
individual Nitinol wire. Both are due to the active cooling of the
Nitinol surface and increase in the weight of the actuator due to
the hydrogel-matrix environment. The loss in the displacement
is stored as strain energy in the hydrogel-matrix during the
actuation phase and is released during the recovery phase to
guide it back to its initial position within the recovery period
(Fig. 2C) due to the antagonistic design of the hydrogel-matrix
to the thermomechanically programmed conformation of
Nitinol. The strain energy released by the hydrogel-matrix for
both HENA-C and HENA-S in all combinations of Nitinol
diameter (250, 375, and 500 um) and actuation voltage (5.5, 6,
6.5, and 7 V) is sufficient to restore the actuator to its initial
position within the recovery period. The maximum displace-
ment of all diameter Nitinol wires of HENA-C and HENA-S
actuated at different voltages is acquired from the change in
displacement over a cycle and plotted in Fig. 2F and G,
respectively. The maximum displacement of HENA-C increased
almost 8 mm for a voltage increase from 5.5 V to 7 V and
decreased approximately 5 mm for an increase of Nitinol wire
diameter from 250 pm to 500 pm. Contrarily, the maximum
displacement of HENA-S increased only 1 mm for a voltage

RSC Adv., 2019, 9, 34244-34255 | 34245
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Fig.1 Fabrication of the HENA. (A) Cross-linking: (I) representation of an alginate gel, (Il) the internal structural configuration of a polyacrylamide
gel, and (ll) the alginate—polyacrylamide hybrid gel. (B) Schematic of hydrogel preparation though cross-linker and free radical reaction. (C) G

blocks on different alginate-hydrogel polymer chains form ionic crosslinks through Ca®*

(red circles). In an alginate—polyacrylamide hybrid gel,

the polymer chains form covalent crosslinks through N,N-methylene bisacrylamide (MBA; blue squares); the two types of polymer network are
intertwined and joined by covalent crosslinks (black triangles) between amine groups on polyacrylamide chains and carboxyl groups on alginate
chains. (D) Schematic of the adapted one-pot fabrication method for acrylamide—sodium alginate hydrogel preparation and assembly of Nitinol
in the hydrogel. (E) Picture of HENA-C in its inactive state. (F) SEM image of freeze dried hydrogel-matrix. (G) Schematic and the superimposed
images showing the actuation of the HENA-C, and a schematic showing the transformation of phases in Nitinol during actuation.

increase from 5.5 V to 7 V and increased almost 5 mm for an
increase of Nitinol wire diameter from 250 pm to 500 um. The
maximum bending angle achieved by HENA-C and HENA-S
ranged from 17-35° and 9-25° for different Nitinol diameters
and actuation voltages, respectively, which corresponds to

34246 | RSC Aadv., 2019, 9, 34244-34255

a maximum bending displacement of 35-62.5% and 15-45% of
the actuator length, respectively.

The maximum force of HENA-C and HENA-S during actua-
tion at 5.5-7 V for all diameters of Nitinol (250, 375, and 500
pm) were determined. In both HENA-C and HENA-S, the 500 um
Nitinol wire actuated at 7 V displayed the highest force at the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Actuation of different diameters (250 pm, 375 um, and 500 um)
of Nitinol wires and HENA. (A) Sequential pictures of 250 um HENA-C
during 7 V actuation. (B) Schematic showing variables used in
comparing different stages of actuation. (C) Dynamic displacement of
250 pm individual Nitinol and HENA-C at 7 V. (D) Maximum
displacement of individual Nitinol (curved) wires at different voltages.
(E) Maximum displacement of individual Nitinol (straight) wires at
different voltages. (F) Maximum displacement of HENA-C at different
voltages. (G) Maximum displacement of HENA-S at different voltages.

free end of the actuator. The maximum force of HENA-C and
HENA-S for all diameters of Nitinol wires (250-500 pm) at
different voltages (5.5-7 V) were observed to be 0.05-0.095 N
and 0.03-0.058 N, respectively. We envisioned that these low
force generating actuators (<0.1 N) could find use in the
manipulation of delicate objects or complex tasks.

2.2 Thermal profile of HENA

The actuation of Nitinol is due to the Joule heating phenom-
enon wherein a voltage of 5.5-7 V is supplied to the Nitinol and
the temperature of Nitinol is increased. HENA and individual
Nitinol wires of different diameters (250, 375, and 500 pm) are
fixed at one end and actuated at different voltages (5.5-7 V) to
determine the surface temperature of the hydrogel-matrix and
individual Nitinol wires throughout its length. Thermal images

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Thermal analysis of the actuator. (A) Set-up of the experiment
to capture thermal images. (B) Maximum temperature of the surface of
the Nitinol for one cycle when actuated at different voltages. (C)
Maximum temperature of the surface of the silicone and hydrogel at
the end of one cycle when actuated at different voltages. (D) Dynamic
change in the maximum temperature of the surface of Nitinol for one
cycle at 7 V. (E) Dynamic change in the maximum temperature of the
surface of the silicone and hydrogel for one cycle at 7 V. (F) Dynamic
change in the maximum temperature of the surface of the hydrogel for
one cycle at 7 V.

of the individual Nitinol wire and HENA are acquired (Fig. 3A)
and the sequential thermal images during actuation are shown
in Fig. 4A and C. The maximum temperature of the Nitinol is
observed at the end of the actuation phase (Fig. 3D and 4A), at
the junction where the copper wire is twinned to the Nitinol
wire. The maximum temperature of individual Nitinol wires
(250 um, 375 um, and 500 um), HENA and SENA at different
voltages (5.5-7 V) are plotted in Fig. 3B and C, respectively. From
Fig. 3B, it is observed that the temperature of the 500 um
diameter Nitinol wire is higher than that of the 375 pm diameter
Nitinol wire throughout all voltages (5.5-7 V). This is due to the
fact that the 375 um Nitinol wire is a low temperature alloy
(austenite finish temperature = 78 °C) while the 500 pm Nitinol
wire is a high temperature alloy (austenite finish temperature =
98 °C). Although the activation power required for the 375 pm
Nitinol wire (0.16 W) is less than that required for the 500 pm
Nitinol wire (0.24 W), the high temperature alloy is able to
achieve a marginally higher temperature (=10-20 °C)
compared to the low temperature alloy when activated at the
same voltage (more information is available in the Materials

and methods). The silicone elastomer environment

RSC Adv., 2019, 9, 34244-34255 | 34247
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Fig. 4 Thermal analysis and simulation of HENA (250 um) during the actuation phase. (A) Sequential thermal images of individual Nitinol wire at
7 V during actuation. (B) Sequential simulated thermal profiles of a cross-section of the hydrogel during actuation at 7 V. (C) Sequential thermal
images of the Nitinol-based hydrogel actuator at 7 V actuation and recovery. (D) Simulated dissipation of heat in the hydrogel-matrix at different
points (0.25, 0.5, 0.75, 1, 1.25, and 1.5 mm) away from the Nitinol surface when actuated at 7 V. The results indicate that individual Nitinol reaches
beyond 400 °C at the end of the actuation phase and 94.5% of the heat is trapped in the hydrogel-matrix, displaying a HENA surface temperature
of 22 °C. More than 60% of the heat is trapped in the hydrogel-matrix within 0.5 mm from the Nitinol surface, and the hydrogel-matrix over-
comes the setback of Nitinol actuators by increasing the rate of cooling of the Nitinol.

surrounding the Nitinol wire dissipated 85% of the heat and
had a surface temperature ranging from 35-55 °C, whereas the
hydrogel-matrix surrounding the Nitinol wire was able to
dissipate 95% of the heat and had a surface temperature of
20 °C in one cycle. The silicone elastomer trapped 78% of the
heat from reaching the SENA surface during the actuation
phase displaying a surface temperature of 65-90 °C. By contrast,
the hydrogel-matrix trapped 94.5% of the heat from reaching
the HENA surface during the actuation phase displaying
a surface temperature of 21-22 °C. Only 8% and 0.5% of the
total heat dissipated in a cycle is dissipated during the recovery
phase for the silicone elastomer and hydrogel-matrix,
respectively.

From Fig. 3B and C, the highest maximum temperature for
all Nitinol wire diameters is at 7 V actuation, hence the change
in temperature for one cycle is analyzed. The changes in
temperature of individual Nitinol wires, HENA and SENA at 7 V
for different diameters are shown in Fig. 3D-F. From Fig. 3B

34248 | RSC Adv., 2019, 9, 3424434255

and D, the maximum temperature is the highest for the 250 um
Nitinol wire when actuated at 7 V, hence the heat dissipation in
the hydrogel-matrix is simulated and shown in Fig. 4B. The
change of temperature in the hydrogel-matrix at different points
(0.25, 0.5, 0.75, 1, 1.25, and 1.5 mm) away from the Nitinol
surface for one cycle is plotted in Fig. 4D. It is observed that
more than 60% of the heat from the Nitinol is trapped within
0.5 mm of the hydrogel-matrix, indicating the miniaturizing
possibilities of the actuator.

2.3 Self-cooling and dehydration of the hydrogel-matrix

The efficiency of the heat dissipation is observed to decrease in
both hydrogel-matrix and silicone elastomer with an increase in
the time of exposure to the heat from the Nitinol wire. Due to
the antagonistic conformation of the hydrogel to Nitinol, it is
necessary to sustain the actuation of Nitinol for the HENA to
remain in any of its active conformations. The largest bending

This journal is © The Royal Society of Chemistry 2019
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angle is achieved when actuated at 7 V, which displays the
highest surface temperature. The surface temperature for pro-
longed actuation of Nitinol at 7 V (Fig. 5A) increased rapidly and
traversed 75 °C within 100 s for SENA, whereas HENA required
750 s to do the same. When actuated for a prolonged time (750
s), SENA and HENA dissipated 50% and 81% of the heat,
respectively. HENA was able to dissipate 85% of the heat for
actuation of 200 cycles at 7 V (Fig. 5B) which is equal to the heat
dissipation of SENA in the first cycle, and the heat dissipation
dropped further for SENA as the number of cycles increased.
We recorded the actuation of HENA-C (250 pm) at different
voltages (5.5-7 V) for 200 cycles and acquired the dynamic
displacement and bending angle. The displacement and
bending angle of HENA-C reduced over the number of cycles at
all voltages (5.5-7 V), but the rate of variation is highest at 7 vV
and least at 5.5 V. HENA-C is unable to return to its initial
position due to the loss in elasticity of the encapsulating
hydrogel-matrix which causes a reduction in the release of
strain energy during its relaxation phase. This trend increased
as the number of cycles increased for all voltages (5.5-7 V). The
changes in the maximum displacement and maximum bending
angle over 200 cycles are determined and shown in Fig. 5C. The
maximum bending angle reduced from 21° to 18.5° for 5.5 V,
31.5° to 22° for 6 V, 28° to 21° for 6.5 V, and 35° to 23.5° for 7 V.
The maximum bending angle decreased by more than 60% of
the total reduction in the first 50 cycles and then stabilized over
the next 150 cycles (Fig. 5C). The changes in the structure and
surface of the hydrogel-matrix in HENA (250 um) actuated at 7 V
for 0, 50, and 200 cycles are shown in Fig. 5D. We observed
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a 25% decrease in the volume of the hydrogel-matrix after 200
cycles with negligible change in the length and almost equal
change in the width and height of the hydrogel-matrix. The
volume of the notches existing on one side of the hydrogel-
matrix reduced significantly over 200 cycles. The height of the
notches reduced from 4 mm to =3 mm and each side (4 mm) of
the triangular section also reduced with an area change in the
section of =30% over 200 cycles giving a visual appearance of
large notches. We conducted uniaxial tensile mechanical
testing of HENA at 0 cycles and 200 cycles using a universal
testing machine (UTM) to determine the difference in stretch-
ability. Both the 0 cycles and 200 cycles samples were elongated
at a rate of 5 mm min~" until failure. The initial and final
photos before failure during elongation of the 200 cycles sample
is shown in Fig. 5E. The HENA at 0 cycles and 200 cycles ach-
ieved a maximum strain of =2250% and =1750% of its initial
length before fracture, respectively (Fig. 5F). HENA at 0 cycles
was able to sustain a stress of 206 kPa while HENA at 200 cycles
sustained only 194 kPa.

The high heat dissipation capability of the hydrogel-matrix
from the Nitinol surface is due to its water content (= 80-
90 wt%) at 20-22 °C. During actuation, the hydrogel-matrix
proximal to the Nitinol surface is boiled and evaporated
resulting in weight loss (Fig. 5D and 6A). The hydrogel-matrix in
the HENA is exposed to different temperatures (25-400 °C) for
3 min by actuating all diameters of Nitinol wires (250, 375, and
500 um). The weight loss was observed to be less than 5% for an
actuation temperature below 200 °C. By contrast, it increased
exponentially after 200 °C and reached 25% at 400 °C, with the
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Fig. 5 Self-cooling. (A) Dynamic temperature change at the surface of the hydrogel and silicone when Nitinol actuated at 7 V. (B) Temperature at
the surface of the hydrogel and silicone after each cycle when Nitinol actuated at 7 V. (C) Maximum displacement and bending angle of HENA-C

(250 um) at each cycle when actuated at 7 V. (D) Sequential pictures of

HENA (250 um) after O, 50, and 200 cycles when Nitinol is actuated 7 V.

The inset shows the optical microscopy images of HENA after O and 200 cycles (visual deviations). (E) Optical photographs showing uniaxial
stretching of HENA after actuating at 7 V for 200 cycles (250 um). (F) Uniaxial stretching performance of HENA at 0 and 200 cycles (250 pm, 7 V).
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Fig. 6 Dehydration of the hydrogel. (A) Schematic showing dehy-
dration of the hydrogel due to Nitinol actuation, and (B) maximum
temperature at the surface of the Nitinol at different voltages. (C)
Percent weight loss of the hydrogel on Nitinol actuation at different
temperatures (3 min). (D) Percent weight loss of the hydrogel on
Nitinol (250 um) actuation at 7 V for 200 cycles. (E) Sequential steps to
determine dehydration of the hydrogel. (F) Percent weight loss of
cube-shaped hydrogel and silicone when exposed to different
temperatures (1 min, 2 min, and 3 min). (G) Percent weight loss of
cylindrical hydrogel and silicone when exposed to different temper-
atures (1 min, 2 min, and 3 min).

highest weight loss occurring for HENA with the 500 um Nitinol
wire. Although only 25% of the weight is lost in the hydrogel
(Fig. 6C), the hydrogel loses its elasticity which reduces its
bending performance (Fig. 5C). The weight loss in the hydrogel-
matrix for all diameters (250, 375, and 500 pm) of Nitinol over
200 cycles (7 V) of actuation (actuation period of 2 s, recovery
period of 3 s) is shown in Fig. 6D. HENA with 500 pm Nitinol
wire had the highest weight loss of =25% over 200 cycles,
HENA with 375 um Nitinol wire had a weight loss of =19% over
200 cycles, and HENA with 250 pm Nitinol wire had a weight
loss of =18% over 200 cycles. The dehydration kinetics and
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recoverability of the HENA matrix are crucial for extending its
shelf life. Adding water into the HENA matrix and resting for
10-15 min recovered the bending performance (more infor-
mation is available in the Materials and methods). Actuating
HENA according to the 5 s actuation cycle (actuation period of
2 s, recovery period of 3 s) instead of 3 min should let HENA
achieve at least 90 cycles without any recovery period before
losing 25% weight loss. Different profiles of hydrogel-matrix
samples were tested on a hot plate (Fig. 6E), with the bottom
surface of the samples in contact with the hot plate at 100-
400 °C, while the top surface was measured (IR imaging) to be
~100-200 °C and the temperature profile of the samples’ cross-
sections (simulated) are shown in the inset of Fig. 6F and G.
Different profiles of the hydrogel-matrix showed similar weight
loss (25%) when subjected to heat (same temperature) from the
surface (Fig. 6E and F), while a change in the duration of
exposure or thickness of the hydrogel modified the weight loss
(Fig. 6F and G).

3 Impending applications
3.1 Cadaveric experiment

The hydrophilicity of HENA and the retention of large amounts
of water aids in the sustained heat dissipation during Nitinol
actuation. Given that the bulk matrix is predominantly water
(with a large specific heat capacity), it is easier to design for
biocompatibility and hence it can potentially be used for safer
robot-tissue interactions. Additionally, these matrices are
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Fig. 7 HENA endoscope. (A) Cross-section schematic of the HENA
endoscope in the oral cavity. (B) Bending actuation, navigation and
surveillance of the HENA endoscope in the oral cavity of the cadaver.
(C) Picture of the HENA endoscope with its components. (D) Bending
angle and force of the HENA endoscope at different voltages.
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Fig. 8 Soft robotic gripper. (A) Schematic depicting the actuation mechanism of the gripper. (B) Demonstration of the gripper holding various 3D
objects (scale bar, 10 mm). (C) Weights of various 3D objects carried by the gripper. (D) Gripping force of the soft robotic gripper for 200 cycles.

mechanically compliant and thus promote safer interaction
with the surrounding tissues. The performance of HENA can be
fine-tuned by changing the hydrogel compositions®'**' and
tailoring the Nitinol thermomechanical modulation to the
specific clinical needs. The cadaver is female with no notable
existing medical conditions. The cadaver head is separated
from the body above the C7 cervical vertebrae. The head is
placed supine on the work table and the oral cavity is retained
open with retractors. The cadaver is stored in a preservative tub
and kept under cold room conditions which do affect the tissue
mechanics. The Olive Medical OVS1 Video System Portable
Hysteroscopy System (Olive Medical Corporation, UT, USA)
together with a 0° and a 30° nasal endoscope was used for
imaging in the oral cavity. The cadaver was obtained from
MedCure Inc. and is unidentifiable. Taking into account the
plasticization of the tissue muscles in a cadaver as compared to
a live human experiment, some resistance is expected during
the procedure of initial trials performed with our HENA endo-
scope for transoral navigation. However, a cadaveric experiment
shows initial promise and limitations, and challenges that the
medical device will encounter during real-time robot-tissue
interactions. The HENA endoscope as depicted in Fig. 7A-C was
used for trans-oral navigation and surveillance purposes with
a bending capability of =25°. The maximum force from the
HENA endoscope addressed here is 0.07 N (Fig. 7D) which is
permissible in the regime of the tissue perforation limit.**

3.2 Soft robotic gripper

Nitinol wires (diameter, 250 pm) are thermomechanically pro-
grammed to a curved conformation (radius of curvature, 20
mm) using a 3D printed mold similar to the actuation of
fabrication of HENA-C. Two HENA-C are assembled on the same

This journal is © The Royal Society of Chemistry 2019

plane such that the actuation is antagonistic to each other. Both
are actuated simultaneously at the same or different voltages to
facilitate gripping of different morphological 3D objects of
different weights as shown in Fig. 8C.

Two HENA (Nitinol, 250 um) actuators are actuated simulta-
neously antagonistic to each other to perform a gripping action
on 3D objects (Fig. 8A). The gripper (=2 g) can handle a wide
range of 3D objects such as cheese, a table tennis ball, tofu, and
chocolate (Fig. 8B) and is capable of lifting up objects weighing
450% of its own weight (Fig. 8C). The gripper is able to grip an
object with a rigid uniform morphology such as a table tennis
ball and objects with deformable irregular morphologies such as
cheese, tofu, and chocolate. The hydrogel-matrix maintains the
surface temperature at 20-22 °C during Nitinol actuation for the
gripping action and enables the gripper to handle cheese and
chocolate that melt at temperatures much below the Nitinol
actuation temperature. The gripper demonstrated that it was able
to handle a table tennis ball which is 45 times larger in volume
than the gripper. The gripping force of the soft robotic gripper
varied over 200 cycles of utilization (Fig. 8D). The gripping force
was observed to be =0.16 N during the first cycle of actuation
and reduced to =0.11 N accounting to a =31% decrease in the
gripping force. The gripping force decreased by =60% of its total
reduction in the first 50 cycles from =0.16 N to =0.12 N and
then stabilized over the next 150 cycles with a reduction in
gripping force of only =0.01 N (Fig. 8D).

4 Conclusions

In summary, in this article, we encapsulate Nitinol shape-
memory-alloy wire in a hydrogel-matrix to fabricate a light-
weight (=1 g), self-cooling actuator (HENA) for soft robots.
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HENA is able to make a smooth transition between the
compliant unactuated and stiff actuated state in a 5 s cycle
period performing a bending angle up to 35°. The hydrogel-
matrix in HENA trapped the heat emitted by Nitinol due to its
high temperature (200-400 °C), maintaining its surface
temperature in the range 20-22 °C. HENA trapped 14.5% more
heat from the Nitinol than SENA during the actuation phase
and dissipated 10% more heat than SENA in one cycle. HENA
dissipated 7.5% more heat from the Nitinol than SENA when
actuated for 200 cycles, and 31% more heat than SENA when
actuated for a prolonged time of 750 s. HENA actuated for 200
cycles was able to retain =70% of its bending performance and
only lost =25% of its initial weight over the 200 cycles of
actuation. The bending performance retention of HENA was
even higher (=73-78%) when actuated at lower voltages (5.5-
6.5 V). HENA also had =1750% stretchability after 200 cycles of
actuation. HENA carrying an endoscope camera performed
a bending angle 25° and was tested in a cadaver for trans-oral
navigation. Hence, HENA demonstrated promising biomedical
applicability without damaging tissues due to its self-cooling
capability and the generation of less force. Two HENA actu-
ated simultaneously antagonistic to each other demonstrated
a custom made soft robotic gripper which is able to carry 3D
objects (low melting point foods) of different morphologies
weighing up to 9.2 g. The soft robotic gripper was able to retain
=~69% of its gripping force over 200 cycles. HENA once
commercialized poses promising avenues for food processing
industries and bio-medical sectors for much safer human-robot
interactions. In the near future, we intend to scale down the
HENA endoscope to aid in transnasal navigation and localized
drug delivery and also to develop bioinspired and biomimetic
HENA soft robots to move in extreme environments.

5 Materials and methods
5.1 Biocompatible hydrogels

Hydrogels are in the family of polymeric materials where the
bulk of the matrix consists of water (typically 80-90% wt). The
polymers cross-link with each other to form a network and
water molecules ingress into the network, swelling the gel.**
The hydrophilicity of the polymers enables the retention of
large amounts of water which aids in the heat dissipation
during Nitinol actuation given the large specific heat capacity of
water. Given that the bulk matrix is predominantly water, it is
easier to design for biocompatibility and hence it potentially
can be used for safer robot-tissue interactions. Additionally,
these matrices are mechanically compliant and promote safer
interaction with the surrounding tissues. The mechanics of
these hydrogels can be tuned and optimized by changing the
compositions in the matrix,***** tailoring to the specific clinical
needs.

Here, an alginate gel with G blocks of ionic polymeric chains
cross-links via Ca** ions (red circles in Fig. 1C) within a poly-
acrylamide gel for which N,N,-methylene-bis-acrylamide (MBA)
(blue squares) acts as a covalent cross-linker. Finally, the algi-
nate—-polyacrylamide hybrid gel is formed, where both alginate
and polyacrylamide networks are integrated through a strong
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covalent cross-linker (black triangle): carboxyl groups for the
alginate gel and amine groups for the polyacrylamide gel are
demonstrated (Fig. 1A-C).

5.2 Experimental procedure for fabrication of the hydrogel

The biocompatible hydrogel depicted in this article is
comprised of two different polymer networks (covalently
crosslinked acrylamide and ionically crosslinked sodium algi-
nate) *° and is prepared with tailored ingredients and concen-
trations. The one-pot method was used to prepare the stock
solutions, followed by 4 hours of ultrasonication (Sonica 5200,
Sonica Inc., Japan) with continuous stirring and a 24 hour rest
period for crosslinking. Chemicals used to produce the hydro-
gel are sodium alginate (SA, Sigma-Aldrich; =<15.5%); acryl-
amide (AA, Sigma-Aldrich; =99.9%); N,N-methylene-bis-
acrylamide (MBA, Sigma-Aldrich; =99%); and 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (photo-initiator or PI,
Sigma-Aldrich; =97.5%). The obtained solution is cured using
a da Vinci UV curing chamber (XYZprinting, Inc.) with UV LED
(A = 375-405 nm) and rested for 24 hours before use. The
concentrations of all ingredients are given in Table S1 (ESIf).

5.3 Dehydration kinetics and recoverability of the hydrogel

The dehydration kinetics and recoverability are key factors to
understand the preservation and shelf life of hydrogels. Dehy-
dration kinetics refers to the mechanism in which the water
content of the hydrogel decreases at a particular temperature
over a period of time. The standard condition of storage for
a hydrogel is at 21 °C. Fig. 6A-G show the percentage weight loss
gravimetrically. Sodium alginate hydrogels were observed to
dehydrate completely within days, which leads to recovery and
reservation being crucial to extend their shelf life. Adding an
initial amount of water and allowing them to rest for hours
recovered samples of completely dehydrated hydrogels. This
shows promising recoverability values of the hydrogels after
they have been fully dehydrated. Measurements of the recov-
ered samples were compared with original measurements of the
sample.

Microscopic analysis (AFM/SEM) of the different hydrogel
layers will be investigated in the future to further improve the
recoverability procedure to ensure equal water diffusion
throughout the hydrogel. Recoverability of the hydrogel thus
promises that hydrogel soft robots can be stored and reused,
increasing their potential to be commercialized. However,
future research will inculcate freezing the hydrogels at low
temperatures to retain their water content during storage to
prevent dehydration.

5.4 Nitinol

Nitinol wires are obtained under the trade name FLEX-
INOL®(DYNALLOY, Inc., CA, USA). The 250 um and 375 pm
diameter Nitinol wires are low temperature alloys with an
austenite finish temperature of 78 °C and a martensite finish
temperature of 42 °C, while the 500 pum diameter Nitinol wires
are low temperature alloys with an austenite finish temperature
of 98 °C and a martensite finish temperature of 62 °C. The power
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required to achieve the austenite finish temperature was 0.08 W
for the 250 um Nitinol wire, 0.16 W for the 375 um Nitinol wire,
and 0.24 W for the 500 um Nitinol wire. All diameters (250, 375,
and 500 um) of Nitinol wires have a shape setting temperature at
300 °C. When the wire is fixed in a particular conformation and
heated to the set temperature, the austenite phase remembers
this particular configuration. At room temperature, Nitinol is in
the martensite phase and is flexible. Through Joule heating, the
temperature is raised and the martensite fraction converts to the
austenite phase, reverting to the remembered configuration. The
encasing spring and 3D printed elastomer is stiffer than the
martensite Nitinol and defines the total curvature. During the
austenite transformation, Nitinol is stiffer than the spring and 3D
printed elastomer, which exerts a force to change the total
curvature. Three different diameters of Nitinol wires (length, 40
mm) are used in the characterisation: 250, 375, and 500 pm. All
the Nitinol wires are connected to copper wires (length, 300 mm)
which transmit signals from an external DC supply for actuation.

5.5 Thermomechanical programming of nitinol

Thermomechanical programming was done on the Nitinol wire
to remember a curved conformation (radius of curvature, 20
mm) and a straight conformation. We 3D printed (Nobel 1.0,
XYZ Printing, Inc., Taiwan) two different molds, one having
a curved channel (radius of curvature, 20 mm) and another with
a straight channel where the wire was fixated during the ther-
momechanical programming process. The Nitinol is to be
heated at 300 °C in order to program and hence an SLA based
urethane acrylate and acrylic monomer 3D printed mold was
used instead of the conventional 3D printing mold. By Joule
heating, the Nitinol was heated at 300 °C for 5 to 7 seconds
followed by quenching in water (20 °C) for 3 to 5 seconds. This
procedure was repeated for 7 to 10 cycles.

5.6 Hydrogel-matrix encapsulated nitinol actuator (HENA)

Two designs of HENA (HENA-C and HENA-S) are fabricated and
tested. The fabrication of HENA-C is shown in Fig. 1D. The
Nitinol is thermomechanically programmed straight for HENA-
S and is pre-strained in a 3D printed (Nobel 1.0, XYZ Printing,
Inc., Taiwan) mold with a curved channel (radius of curvature,
20 mm). The pre-strained Nitinol is secured at the centre of the
3D printed (LulzBot, Aleph Objects, Inc., CO, USA) mold with
a curved channel (radius of curvature, 20 mm) with a slot (4 mm
x 4 mm X 40 mm) where the hydrogel is filled and cured. The
design has rigged edges (notches) on the outer side to facilitate
larger bending. The Nitinol is thermomechanically pro-
grammed curved (radius of curvature, 20 mm) for HENA-C and
is pre-strained in a 3D printed (Nobel 1.0, XYZ Printing, Inc.,
Taiwan) mold with a straight channel. The pre-strained Nitinol
is secured at the center of the 3D printed (LulzBot, Aleph
Objects, Inc., CO, USA) mold with a straight channel with a slot
(4 mm x 4 mm x 40 mm) where the hydrogel is filled and
cured. The design has 9 complete notches with triangular
(equilateral) sections with each side of length 4 mm. Hence, the
longer width of the hydrogel-matrix will be 8 mm and the
shorter width will be 4 mm.
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The Nitinol in the HENA is actuated using an external DC
supply. The activation and deactivation were done manually by
controlling the voltage and the current passed to the HENA.
Current is passed to the HENA to actuate for 2 s and then it is
deactivated for a 3 s recovery period completing a cycle. The
actuation of HENA is shown in Fig. 1G.

5.7 Silicone elastomer nitinol actuator (SENA)

For preparing SENA, we first mixed Ecoflex-0030 A and Ecoflex-
0030 B (Smooth-On, Inc., PA, USA) in the ratio (w/w) 1:1 and
kept the mixture inside a vacuum desiccator to prevent air
bubbles in the silicone gel. We poured the mixture onto the
mold and waited for at least four hours for the silicone rubber to
cure with the pre-strained Nitinol for SENA finalization. The
mold was designed with the 3D CAD design software (Solid-
Works, Dassault Systemes®, France) and then 3D printed with
a LulzBot 3D printer (Aleph Objects, Inc., CO, USA).

5.8 Cadaver

The cadaver is female with no notable existing medical condi-
tions. The cadaver head is separated from the body above the C7
cervical vertebrae. The head is placed supine on the work table
and the oral cavity is retained open with retractors. The cadaver
is stored in a preservative tub and kept under cold room
conditions which do affect the tissue mechanics. The Olive
Medical OVS1 Video System Portable Hysteroscopy System
(Olive Medical Corporation, UT, USA) together with a 0° and
a 30° nasal endoscope was used for imaging in the oral cavity.
The cadaver was obtained from MedCure Inc. and is unidenti-
fiable. Taking into account the plasticization of the tissue
muscles in a cadaver as compared to a live human experiment,
some resistance is expected during the procedure of initial trials
performed with our HENA endoscope for transoral navigation.
However, a cadaveric experiment shows initial promise and
limitations, and challenges that the medical device will
encounter during real-time robot-tissue interactions.

5.9 Performance of bending

HENA and individual Nitinol wires of different diameters (250,
375, and 500 pm) are fixed at one end and actuated at different
voltages (5.5-7 V) to determine the displacement of the other
end of the Nitinol wire. A video camera is fixed normal to the
motion of the Nitinol wires, and the actuation video is recorded.
The start and the end position of the actuation cycles are used to
determine the maximum displacement and maximum deflec-
tion angle. Both ends of the Nitinol are tracked dynamically
during actuation using Tracker 5.0 (Douglas Brown®©) and the
relative angle between the two points can then be determined.
The displacement magnitudes (6) and bending angles () are
calculated by selecting a point where the vector of the tip and
base intersects (Fig. 3B). All the samples are tested for 5 repe-
titions and the average values with error bars are plotted in
Fig. 2C-G. The HENA % bending displacement («) to its length
is given by,
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where ¢ is the displacement magnitude during actuation and L
is the length of the actuator (HENA). The displacement
magnitude and length of the actuator are shown in Fig. 2B. The
maximum bending displacement («) of HENA-C and HENA-S
was observed at 7 V as shown in the results and discussions.

5.10 Blocking force during actuation

The blocking force generated at the tip of both HENA-C and
HENA-S is determined using a Nanol7-E Transducer (ATI
Industrial Automation, Inc., NC, USA) by allowing the tip of the
prototype to contact the transducer normally during actuation
(5.5-7 V). The maximum tip force data are captured for all
diameters (250 pm, 375 um, and 500 pm) of Nitinol wires in
both HENA-C and HENA-S at different voltages (5.5V, 6V, 6.5V,
and 7 V) for 5 repetitions. The maximum force from the HENA is
0.095 N, which is not sufficient to perforate tissues.*

5.11 Thermal analysis

HENA and individual Nitinol wires of different diameters (250,
375, and 500 um) are fixed at one end and actuated at different
voltages (5.5-7 V) to determine the surface temperature of the
hydrogel-matrix and individual Nitinol wires throughout its
length. An infrared camera, FLIR ONE Pro (FLIR®Systems, Inc.,
OR, USA), is fixed normal to the motion of the HENA and Nitinol
wires, and the change in surface temperature during the course
of actuation and recovery is recorded. All the samples are tested
for 5 repetitions and the average values with error bars are
plotted in Fig. 3B-F, 5A and B.

The simulation of the heat dissipation along the cross-
section of the hydrogel-matrix in HENA shown in Fig. 4B and
D is done using the time-dependent equation solver in COMSOL
Multiphysics® (COMSOL, Inc., MA, USA),

T
dzpCp E + dzpCpu~VT + Vq = sz +qo+ szled (2)

T , . . .
where 5 18 the temperature gradient, p is the density of the

hydrogel matrix, d, is the thickness of the cross-section, VT is
the temperature change in the hydrogel matrix, Q is the heat
energy, C;, is the specific heat capacity at constant pressure, and
q is given as,

q=—dkVvT (3)

where k is the thermal conductivity of the hydrogel matrix. The
weight loss in the hydrogel-matrix of HENA during actuation is
determined using an EP 125SM precision balance (Precisa
Gravimetrics AG, Switzerland) and the weight loss is plotted in
Fig. 6D-G.

5.12 Scanning electron microscopy

The swollen hydrogels were rapidly frozen at —80 °C and then
dried in a freeze-dryer (Virtis freeze mobile, Virtis Co., Gardiner,
USA), and the surface morphology of the hydrogel structure
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used in HENA, shown in Fig. 1D was investigated using SEM
(FEI Quanta 600 and FESEM; JEOL-JSM-6610LV) operating at
15.0 kV for low and high resolution imaging.

5.13 Optical microscopy

The optical microscopy images are shown in Fig. 5C, was taken
with an IX51 microscope (Olympus, Japan) equipped with
a DP72 digital imaging system (Olympus) and Olympus LUC
Plan FLN 20x/0.45 and 10x/0.30 objective lens (Olympus,
Japan) to show the changes in the surface of the hydrogel-matrix
of non-actuated HENA and the hydrogel-matrix of HENA actu-
ated for 200 cycles.

5.14 Tensile testing

The hydrogel-matrix from HENA at 0 and 200 cycles is tested
using the uniaxial tensile test in Instron 5543 (Illinois Tool
Works Inc., USA) with a 500 N load cell at a rate of 5 mm min~".
The tensile test optical photos and results are shown in Fig. 5E

and F respectively.

5.15 Soft robotic gripper

Nitinol wires (diameter, 250 um) are thermomechanically pro-
grammed to a curved conformation (radius of curvature, 20
mm) using a 3D printed mold similar to the actuation of
fabrication of HENA-C. Two HENA-C are assembled on the same
plane such that the actuation is antagonistic to each other. Both
are actuated simultaneously at different voltages to facilitate
gripping of different morphological 3D objects of different
weights as shown in Fig. 8C. The gripping force is determined
using a Nano17-E Transducer (ATI Industrial Automation, Inc.,
USA).
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