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Abstract: This study investigates the performance enhancement of mandrel-coiled twisted and
coiled polymer fibers with a nichrome heater (TCPg NR) by coating with a solution of graphene-
mesoporous carbon-nickel-polyvinyl alcohol. The coating process involved a one-pot synthesis
utilizing graphene powder, Ni nanoparticles, mesoporous carbon, and PVA as a binding agent. The
coating was performed by manually shaking the TCPg; NR and the subsequent annealing process,
which results in improved thermal conductivity and actuation behavior of the TCPg NR. Experimental
results on a 60 mm long actuator demonstrated significant enhancements in actuation displacement
and actuation strain (20% to 42%) under various loads with an input current of 0.27 A/power
2.16 W. The blocked stress is ~10 MPa under this 2.16 W power input and the maximum strain is
48% at optimum load of 1.4 MPa. The observed actuation strain correlated directly with the input
power. The coated TCPp R exhibited better thermal contacts, facilitating enhanced heat transfer,
and reducing power consumption by 6% to 9% compared to non-coated actuators. It was found that
the nanomaterial coating helps the TCP actuator to be reliable for more than 75,000 actuation cycles at
0.1 Hz in air due to improved thermal conductivity. These findings highlight the potential for further
research to optimize electrothermally operated TCP actuators and unlock advancements in this field.

Keywords: soft actuator; twisted and coiled polymer muscles (TCP); coating; nanomaterial; smart
material

1. Introduction

Soft artificial muscles that function similarly to natural muscles are crucial components
for advanced applications such as soft robots (both in air and underwater), orthotics, pros-
thetics, humanoid robots, wearables, medical devices, and more. This is because traditional
actuators like motors and pumps are bulky, noisy, and rigid [1,2]. Therefore, significant
effort and research has been devoted to developing muscle-like actuators that are efficient,
and possess high strain capabilities, high load-carrying capacity, dynamic mechanical
compliance, and high specific energy/power. Many types of actuators have been pro-
posed, including shape memory alloys [3-5], Cavatappi [6,7] (which are pneumatically
or hydraulically driven and shaped like TCP), pneumatic actuators [8,9], electromagnetic
actuators [10], thermally actuated twisted and coiled actuators (TCPs) [11-16], and others.
The performance of most of these actuators depends on the input driver.

Haines et al. [11] developed a promising TCP actuators from fishing line capable
of lifting objects 100 times heavier than a human muscle, with a contractile strain of
49%. They also demonstrated an efficiency of approximately 1% by wrapping CNT sheets
over polyethylene fiber. The fundamental mechanism of a CNT actuator, displaying
torsional and tensile actuation, was thoroughly investigated by Lee et al. [17] and Di

Biomimetics 2024, 9, 458. https:/ /doi.org/10.3390 /biomimetics9080458

https://www.mdpi.com/journal /biomimetics


https://doi.org/10.3390/biomimetics9080458
https://doi.org/10.3390/biomimetics9080458
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com
https://orcid.org/0000-0003-1179-7572
https://orcid.org/0000-0001-6407-412X
https://orcid.org/0000-0003-1162-5279
https://orcid.org/0000-0001-6606-7089
https://doi.org/10.3390/biomimetics9080458
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com/article/10.3390/biomimetics9080458?type=check_update&version=1

Biomimetics 2024, 9, 458

2of 16

et al. [18]. As noted by Higueras-Ruiz et al. [6], it was experimentally demonstrated that
thermally driven actuators are less efficient and consume high power due to the low thermal
conductivity of polymer fibers. TCPs operate based on Joule heating when an electric
current is applied to them. Since polymer fibers have low thermal conductivity, CNTs have
been utilized to fabricate coiled artificial muscles, which provide significant forces with
rapid tensile actuation but pose challenges in fabrication due to technical complexities
and high manufacturing costs [19]. Piao et al. [20] introduced nanomaterial coating with
graphene flakes on silver-coated nylon fibers (nylon 6,6 sewing threads, 260151023534,
Shieldex) to enhance dynamic performance and leverage inexpensive polymer fibers.
Subsequently, to improve the cycle performance of these actuators, Piao and Suk [20,21]
spray-coated the TCP g polymer fibers with a graphene/silver nanoflower hybrid solution.
They demonstrated a 38% reduction in total actuation cycle time and a threefold larger
peak-to-peak amplitude of the displacement oscillation compared to non-coated TCP pg.

Graphene’s unique 2D geometry gives rise to unusual thermal properties, paving
the way for new discoveries in heat-flow physics and aiding in novel thermal manage-
ment applications. According to Pop et al. [22] and Su et al. [23], the thermal conductivity
of graphene, with its perfect structure, rivals that of diamond materials (>5000 W/mK).
Additionally, graphene possesses a super-high aspect ratio and a 2D structural morphol-
ogy, making it an ideal material as a filler for polymers to achieve very high thermal
conductivity [24-26]. Monolayer graphene with minimal defects exhibits a remarkably
high thermal conductivity of 2000 W/mK [27,28]. Therefore, to enhance the thermal
conductivity of TCPg MR artificial muscles and enable faster dynamic actuation with re-
duced power consumption (enhanced efficiency), we coated graphene powder (electrical
conductivity > 103 S/m) with mesoporous carbon and nickel nanoparticles.

“Mesostructured carbon” or “mesoporous carbon” refers to solid-based material, as
defined by IUPAC [29]. These materials feature either ordered or disordered networks
with pores distributed in the range of 2 to 50 nm, which can be broad or narrow. Meso-
porous carbon offers excellent thermostability, high surface area, and a large pore volume,
enhancing its functionality across various applications [30]. The presence of mesopores
in carbon helps overcome limitations such as poor conductivity, structural integrity, and
mass transport [31]. Mesoporous carbon materials find extensive applications in electro-
chemistry, energy storage, separation and adsorption, catalysis, and more. Sun et al. [32]
demonstrated the use of metallic nanoparticles to enhance thermal conductivity by bridg-
ing two-dimensional (2D) materials. We utilized mesoporous carbon in the fabrication
of conductive filaments [33,34]. Chen et al. [35] showcased the use of Ag/Ni metal mesh
as a transparent conductive electrode for optoelectronic applications. Recently, Matharu
et al. [15] demonstrated enhanced dynamic actuation and power consumption capability in
mesoporous C-NiAg-PVA-coated mandrel-coiled TCPg NR, showing the improvements
with a nanomaterial-coated layer over a nylon 6,6 fishing line fiber.

In this study, nickel nanoparticles were incorporated into graphene powder and
mesoporous carbon, with polyvinyl alcohol (PVA) was used as the binding material to
improve thermal contacts, thereby enhancing the dynamic performance of TCPr NR [36].
The addition of graphene and removal of silver from the nanomaterial solution, makes this
work distinct than our prior work in [15]. At approximately 80 °C, the interfaces between
graphene powder and mesoporous carbon are connected by the nickel nanoparticles,
ensuring improved thermal contacts. A one-pot magnetic stirrer process is employed to
synthesize the graphene-mesoporous carbon—nickel-PVA solution, which is then coated
onto the mandrel-coiled TCPg NR by manual shaking. The enhanced isotonic performance
of the mandrel-coiled TCPg NR coated with graphene-mesoporous carbon-nickel-PVA
(Graph-TCP) is investigated through cyclic operations with input power provided.

The dynamic behavior of TCPg NR is dependent on its thermal properties. Materials
like graphene have been used to improve the thermal conductivity of nylon fishing line since
it has low thermal conductivity (0.230-0.380 W/m-K) [37]. To overcome the low thermal
conductivity of nylon fishing line, high-quality monolayer graphene is used. Though the
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thermal conductivity of graphene is high, there is a thermal resistance between graphene

particles due to weak interaction as the van der Waals force is prevalent. This restricts the

improvement in the thermal properties of the graphene-based coating layer. Hence, metallic

(Ni) nanoparticles are used to enhance thermal conductivity of the coating. Mesoporous

carbon is utilized to improve the surface area of the coating and help cover the polymer

surface. Since polyvinyl alcohol (PVA) has excellent binding strength and is commonly
utilized as a binding agent for nanoparticles [38,39], it is used as the binding agent for this

graphene-mesoporous C-Ni nanoparticle mixture on the surface of monofilament nylon 6

fishing line.

The major contributions of this work (as illustrated in Figure 1) are as follows:

(i) Introduction of the novel graphene—mesoporous carbon-nickel-PVA-coated mandrel-
coiled TCPg NR, exhibiting approximately 41% higher actuation strain and about
37.5% greater actuation displacement compared to non-coated TCPg "R of similar
length (60 mm unloaded and 69 mm loaded for 70 g pre-stress weight) under 0.27 A
input current conditions.

(i) Enhancement in dynamic actuation by approximately 24%, 36%, and 11% for pre-
stress loads of 70 g, 100 g, and 150 g, respectively, with the novel nanomaterial-coated
mandrel-coiled TCPg NR, demonstrating the advantages of utilizing the graphene—
mesoporous carbon—nickel-PVA solution.

(iii) Improvement in the cooling rate of the actuator by approximately 26%, 54%, and 11%
for pre-stress loads of 70 g, 100 g, and 150 g, respectively, with the novel nanomaterial-
coated mandrel-coiled TCPg; NR.

(iv) Reduction in power consumption ranging from approximately 6% to 9% for similar
input current conditions (0.25 A, 0.27 A, 0.29 A), while providing an average of 25%
more actuation strain.

[ Graphene-C-Ni-PVA coated TCP;, }

6% to 9% less power required for
~25% more actuation stroke

41% more actuation

strain
Dynamic cooling _— . than non-coated TCP,, at
is ~26% more i AN LA X ¥ optimal load
than non-coated = : , .
actuator. _— ~37 % more displacement
than non-coated TCP,, at

than non-coated TCP;, at

24% more dynamic actuation optimal load
optimal load

Figure 1. Overview of graphene-mesoporous C-Ni-PVA-coated mandrel-coiled TCPg; NR artificial
muscles. The maximum actuation strain at ~2 MPa load was 48% at 4 W power input and it could
sustain 75,000 cyclic response at 0.1 Hz frequency.

2. Materials and Methods
2.1. Mandrel-Coiled TCPr; NR Muscle Fabrication

The fishing line, being a non-conductive material, requires the inclusion of nichrome
heating wire to effectively heat the precursor material, facilitating convenient Joule heating
for electrothermal actuation. The experimental setup, depicted in Figure 2a,b, is utilized to
fabricate the mandrel-coiled TCPr NR muscles using a mandrel (1.4 mm diameter) for coil-
ing. Nichrome wire (160 um diameter) serves as the heating element for the monofilament
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80 Ib fishing line (0.8 mm diameter). Addressing the challenge of wrapping a thin nichrome
wire conveniently, a custom fabrication setup, as shown in Figure 2, was employed. The
various steps of the fabrication process are detailed below.

(a) Step 1: Twisting (b) Step 2: Nichrome Incorporation (©) Step 3: Mandrel Coiling
SMI SM1 SM3
Twisted Fishing Mandrel
Pitch ’"“9 fiber)| R & . T
Control Pitch control | Rotating
Mechanism mechanism ' Mandrel
1
1
L ' . ' Twisted nichrome
c I Nichrome, .
- 1 . | incorporated
i wire | Pl
i | fishing line
Wire ) ! !
spool : ! I
holder I '
: ! b8
i | Mass I,,”
| Nichrome !
Table Table E Wire i
! @ = Pitch !
SM2 ﬁ: Twisted |
--Smpper Mass 1! Angle fishing '
Rod ' line !
b e = 1
ﬁ_-.b Mass
Ground msmm (fixed) Ground gy Ground

Figure 2. The mandrel-coiled TCPp NR actuator fabrication. (a) Twist insertion, (b) nichrome wire
incorporation process, and (c) mandrel coiling process.

2.1.1. Twist Insertion

A specific length of fishing line (1200 mm) was cut to accommodate the linear motion
slider’s travel range. Both ends of the fishing line were secured with safety pins; one end
was attached to the motor shaft (see Figure 2a). A deadweight of 500 g was affixed to the
bottom end of the fishing line using a stopper shaft to introduce twist. The motor rotated
at a speed of 300 rpm in a counterclockwise direction. After a few minutes, a twist was
introduced into the fiber as it contracted in length, causing the 500 g load to gently ascend.
Upon observing the initial coiling in the fiber, the motor was halted, and the twist insertion
process was completed.

2.1.2. Resistance Wire Incorporation

The next crucial step in the fabrication process involved incorporating the nichrome
wire (as depicted in Figure 2b). Initially, the stopper utilized in the previous step was
removed from the bottom end of the twist-inserted fishing line. A new untwisted fishing
line with the 500 g weight attached to the bottom end of the twist-inserted fishing line
was connected so that the weight hung just touching the ground and could rotate freely.
The nichrome wire was affixed to the top end, and both the nichrome wire and the twist-
inserted fishing line were positioned within the guide carriage and guide rod, as illustrated
in Figure 2b. Both motors (Motor 1 and Motor 2) were activated at different speeds (Motor
1—300 rpm, Motor 2—150 rpm) until the nichrome incorporation was completed for the
full length of the fishing line. At these speeds, the pitch of the nichrome-incorporated fiber
was 0.42 mm. While the resistance wire incorporation was in progress, the wire was guided
around the guide rod, and a 50 g weight was suspended to maintain tension during the
wire incorporation process. This ensured a consistent pitch and wrapping angle.
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2.1.3. Mandrel Coiling Process

In Figure 2¢, the mandrel coiling process for the nichrome-wrapped, twist-inserted
fiber is depicted. A safety pin from the top end was attached to the stepper motor-3 (SM3)
coupling, and the 500 g weight was replaced by a 200 g weight to facilitate easier coiling of
the fiber by the stepper motor. A mandrel diameter of 1.4 mm was selected, and the stepper
motor was initiated at a speed of 300 rpm in a counterclockwise direction. This allowed the
fiber to coil and ensured that the finished product was homochiral in nature. Coiling the
fiber in the opposite direction to its twist would have resulted in a heterochiral muscle [40].

2.1.4. Thermal Annealing Process

The last stage of the mandrel-coiled TCPp NR muscle fabrication process involved
muscle annealing, which was conducted in a furnace. The mandrel-coiled fiber, along with
the mandrel rod, was placed inside the furnace preheated to a temperature of 180 °C. To
maintain the muscle’s shape and pitch, both ends were secured to clamps on a metal plate,
and the entire assembly was positioned inside the preheated furnace for 80 min. After
40 min, we inspected the muscle and inverted it to ensure uniform heating throughout.

2.2. Synthesis of Graphene—Mesoporous C—-Ni—PVA Solution

The nanomaterial solution preparation is clearly outlined in Figure 3. Firstly (Step 1),
100 mL of distilled water is measured into a 600 mL glass beaker. Then, 2 gm of PVA is
added to the distilled water (Step 2), and the beaker is placed onto a magnetic stirrer with
a magnetic bead at 800 rpm and 75-80 °C for approximately 15-20 min or until the PVA
is fully dissolved in the water, resulting in a clear solution (Step 3). After this, 0.1 gm
of graphene powder, 1 gm of mesoporous C, and 0.25 g of Ni nanoparticles are added
to the solution, which is stirred at 600 rpm and 50 °C for about 3 h (Step 4). Once the
solubility of the black solution is observed, the heat is turned off, and the reaction material
is allowed to cool down while keeping the stirring at 600 rpm. The cooled-down solution is
then centrifuged at 8000 rpm for approximately 4 to 5 min (Step 5), allowing excess water
(supernatant) to separate from the thick solution. This supernatant is collected in a clean
beaker, and some of it is added to the thick solution as needed for re-dissolving. This final
synthesized solution is then used for coating the actuator.

Step 1 Step2  Stepd
Heat — Heat

m .. ON ON
— — %=
P P i ®e

AN . Stir it using a magnetic bead at

- 100 mL of deionized | ~ Pour 2 gm Polyvinyl | 6(}()rpm at 80°C for 15-20 mmuteq

‘water ina bcakc.r - Alcohol (PVA) in the beaker; until PVA dissolves _

Step 4 Steps Step6

=

@

B S

Ig Before Aﬂer |

]
e o oo
| Meso- 1
Epurous(_ i .

— This separates I

Heat the supernatant

ON g ‘ (water) from the , o
-+ Centrifuge solution at nanomaterial | | Lhick nanomaterial;
8000 rpm for 4 min. solution | solution stored

Figure 3. Synthesis of graphene-mesoporous C-Ni-PVA solution.
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2.3. Coating Process of Mandrel-Coiled TCPp NR

Once the mandrel-coiled TCPg NR is fabricated, as depicted in Figure 2, and the
graphene-mesoporous C-Ni-PVA solution is synthesized, the coating process is initiated.
The 60 mm long (3.4 mm diameter) non-coated TCPr MR, as shown in Figure 4a, is im-
mersed in the nanomaterial solution inside a vial (Figure 4b). To ensure thorough coating
of the actuator, it is vigorously shaken manually for approximately 2 min (Figure 4c).
After completion, the wet actuator is removed from the vial and placed in a preheated
oven at 80 °C for 60 min to dry (Figure 4d). Once dried, the finished actuator is re-
moved and crimped for use. Optical microscopy images (Figure 4e) were taken for the
graphene-mesoporous C-Ni-PVA coated TCPg NR. The image illustrates the consistency
of the nanomaterial coating on the fishing line fiber. Note: This image was taken after the
experiments were conducted.

(@)

rerEETTmT

LNV S Y

(b) (©

Figure 4. (a—d) Coating process of TCPp NR actuator. (e) Optical microscopy image of artificial
muscle after completing lifecycle tests.

2.4. Characterization of Coated TCPp NR

A characterization setup was employed to assess and compare the capabilities of both
coated and non-coated TCPg; NR muscles. This setup not only monitored the temperature
increase in a muscle over time but also measured the voltage across the muscle when a
constant current input was supplied through a BK Precision 9116 power source. As illus-
trated in Figure 5, the power supply delivered current to the muscle in series. A National
Instruments DAQ 9221 module was connected in parallel with the muscle to measure
the voltage across it, as voltage remains equivalent across parallel circuits. A thermistor
was attached to the center of both actuators (coated and non-coated) to determine the
temperature. A 70 g mass applied tension to the muscle at one end, while an opposing
70 g mass pulled on the other end. All these measurements were transmitted to a PC for
data collection using LabView software. Similar characterization setups were utilized in
previous studies on electrothermal artificial muscles [12,15].

e s Temperature
Artificial | Sensor NI DAQ 9221
Muscle )
* W] /=
— | Power =
Supply |
— — Reflecting board
Actuation
direction Laser light
Laser Sensor

Figure 5. Characterization setup (schematic).
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3. Results and Discussion

The characterization setup outlined in Figure 5 was employed to conduct isotonic
tests between the coated and non-coated TCPp; NR artificial muscles. These tests aimed to
ascertain the enhancement in performance following the coating of the TCPg NR.

3.1. Characterization of Coated TCPp NR

Displacement and actuation strain characterization were conducted by securing the
nanomaterial-coated TCPg NR from a hook on one side and attaching various loads from
the other side (refer to Figure 6a). Actuator characterization aimed to provide insights
into their mechanical performance during a 15 s heating and 20 s cooling cycle (0.0285 Hz
actuation frequency and approximately 43% duty cycle) under different loads up to 500 g.
The blocking force, where the muscles break upon the provision of input current, was
determined to be 500 g (4.9 N). This means, the blocking stress is 9.8 MPa (~10 MPa) when
the force is normalized by the fishing line fiber area (0.8 mm diameter).

(b) 5  48%strainat 70gload 140
————— = = ~l-e-Graphene-C-Ni-PVA coated Mandrel coiled TCP

=45 " iled TC!
(a) -_g 0 m:::e . —6-Non-coated Mandrel coiled TCP z
cc strain Loaded Length P 120 £
o L350 - e m - -
- 34% strain £
«— Hoak 2] E 30 at 70g load ‘gu
c
+ gix o &
32 ' 3
TCP, o *x15 °
) 2% " 80 g
2, -
Eower Supply | [ — L I I L L 60
0 20 50 70 100 150 200 300 400 500
( ) Load (grams)
c ’é‘ 40 33 mm disp. at -o-Graphene-C-Ni-PVA coated Mandrel coiled TCP|=L 7///*140
1 —
E 35 _7ogload ~9-Non-coated Mandrel coiled TCP,, */// E
37.5% —#-Loaded Length =
Weisht 2 0= 0] ncressein —— —» 120 £
Weig| displacement] Y <
AN E O 25 ¥ £
[ =) NRNEE I
8 @ o 2émmdp. ol 100 g
E g at 70g load 3
5 2
aE E
B E 80 ®©
g §
v 57
] A
0 60
0 20 50 70 100 150 200 300 400 500
Load (grams)

Figure 6. Characterization comparison of graphene-mesoporous C-Ni-PVA coated TCPp NR actuator
and conventional TCP NR actuator at 0.0285 Hz actuation frequency at different loads until 500 g.
(a) Schematic diagram of training and characterization setup. (b) (Comparison of actuation strain
with loaded length at different loads at similar input current for both actuators.) Comparison of
actuation strain (% of loaded length) vs. different loads in grams of graphene-mesoporous C-Ni-PVA
coated TCPp ™R actuator (0.27 A, 15.8 V) and conventional TCPp ™R actuator (0.27 A, 17.4 V) of
60 mm length each. (c) (Comparison of actuation displacement with loaded length at different loads
at similar input current for both actuators.) Comparison of y-axis displacement with loaded length
(mm) vs. different loads in grams of graphene-mesoporous C-Ni-PVA coated TCPp NR actuator
(0.27 A, 15.8 V) and conventional TCPp MR actuator (0.27 A, 17.4 V) of 60 mm length each. The fishing
line precursor fiber is 80 Ib capacity and is 0.8 mm in diameter.

In Figure 6b, the load dependence of percentage tensile strain at the loaded length
is illustrated, while Figure 6¢ depicts the same for actuation displacement of 60 mm long
TCPg MR (both coated and non-coated) at a 0.0285 Hz (15 s heating, 20 s cooling) actuation
frequency. The maximum displacement (~33 mm) for the graphene-mesoporous C-Ni-
PVA-coated TCPg ™R actuator occurred at a constant 70 g load, whereas the maximum
displacement (~24 mm) for the conventional TCPg NR actuator of similar unloaded length
(60 mm) occurred at a 70 g load. It is evident that the optimal range of actuation for these
actuators lies between 20 g to 100 g.

The applied load is a crucial parameter as the tensile strain for the loaded length of
the muscle depends on the applied load, given that the actuator undergoes significant
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elongation under increasing load. The maximum percentage of actuation strain for a
constant load of 70 g for the graphene-mesoporous C-Ni-PVA coated TCPg NR actuator
was noted to be approximately 48% at an input current of 0.27 A, resulting in 15.8 V and
4.4 W (time period of 35 s and a duty cycle of approximately 43%). This represented a
41% increase in actuation strain compared to the conventional TCP NR actuator, with
a difference of around 14% (0.27 A, 17.4 V, 4.7 W). It should be noted that both types
of actuators were powered at similar input power capacities, beyond which they would
quickly become damaged when the input power increases.

The loaded length of the TCP NR actuator (Figure 6b) is directly proportional to the
applied loads. Similarly, an improvement of approximately 37.5% can be observed for the
coated actuator at 70 g (0.868 N or 1.4 MPa when normalized by the area) under similar
input current conditions (0.27 A) for both the coated and non-coated actuators.

3.2. Actuation Strain and Displacement Comparison with Time Variation of Coated and
Non-Coated Actuator

We also computed the actuation strain (% with loaded length) over time variation to
establish a common metric for the same actuator of different lengths. Actuation strain serves
as a metric to gauge the displacement performance for the same actuator with varying
lengths. Figure 7a—c present the comparison of dynamic performance between both types
of actuators, highlighting the faster heat dissipation of one over the other at different
loadings. These graphs demonstrate the superior nature of the graphene-mesoporous
C-Ni-PVA-coated TCPg "R actuator (powered at 4.3 W) compared to the conventional
TCPg NR actuator (powered at 4.7 W). The three figures illustrate the tensile actuation with
the y-axis representing displacement vs. time graphs at different loads (Figure 7a for 70 g
load, Figure 7b for 100 g load, Figure 7c for 150 g load).

(a) 70g loading
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Figure 7. Cont.



Biomimetics 2024, 9, 458

9of 16

(c) 150g loading
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Figure 7. Dynamic actuation comparison of graphene-mesoporous C-Ni-PVA-coated TCPg NR
actuator and conventional TCPg NR actuator at 0.0285 Hz actuation frequency at three different loads
(70 g, 100 g, 150 g) for tensile actuation vs. time and y-axis displacement vs. time plots. (a) 70 g,
(b) 100 g, (c) 150 g.

From the three graphs, it is evident that the dynamic response of the graphene-
mesoporous C-Ni-PVA coated TCPr. ™R actuator is faster than that of the conventional
TCPr. R actuator. It reaches the same tensile strain value as the conventional actuator
approximately 4 to 6 s faster (approximately 40% faster than the total heating time of 15 s)
for a 70 g load, while it is similar (5 to 6 s faster than the total heating time of 15 s) for a
100 g load. For a heavier weight (150 g), the coated actuator can achieve a similar actuation
strain 2 to 3 s earlier (20% faster than the total heating time of 15 s).

For a similar input current of 0.27 A, the coated actuator exhibits approximately
24%, 36%, and 16% “more actuation strain”, respectively, than the non-coated actuator.
Additionally, the coated actuator cools approximately 27%, 54%, and 11% “more” at 70 g,
100 g, and 150 g loading, respectively. It is also observed that the coated actuator returns
fully to the original position for 100 g and 150 g loading within 20 s of cooling time; however,
the same cannot be said for the non-coated conventional TCPg NR.

3.3. Comparison of Power Consumed with Time for Coated and Non-Coated Actuator

Figure 8a—c illustrate the improved power consumption based on the output voltages
observed from the isotonic tests for constant input currents (0.25 A, 0.27 A, 0.29 A) for both
coated and non-coated actuators. At 0.25 A input current, the voltage and power consumed
for the coated TCP NR were approximately 15 V (3.75 W), representing an improvement
of about 6% over the non-coated TCPr ™R (16 V, 4 W). Similarly, at 0.27 A input current,
the output voltage /power consumed for the coated TCPg NR was approximately 15.9 V
(4.3 W), which signifies an improvement of around 8.5% over the non-coated TCPp MR
(~17.4V, 4.7 W). At 0.29 A, we observed a ~7.4% improvement in power consumption of
the coated TCP NR (17.2 V, 5 W) compared to the non-coated TCPr NR (18.6 V, 5.4 W).

3.4. Comparison of Temperature Variation with Time for Coated and Non-Coated Actuator

Figure 9a—c depict the variation in temperature with time for input currents of 0.25 A,
0.27 A, and 0.29 A, with a heating time of 15 s and cooling time of 20 s (0.0285 Hz). The
plots presented are for the first five cycles (first, second, third, fourth, and fifth cycles). It
is evident that the starting temperature for cycles other than the first cycle is higher than
room temperature. This occurs because after the first cycle, the actuator retains heat for
both the muscles (coated and non-coated). However, it is noteworthy that the starting
temperature of the second cycle is higher for the non-coated actuator (~57 °C for 0.25 A,
~65 °C for 0.27 A, and ~70 °C for 0.29 A) compared to the coated actuator (57 °C for 0.25 A,
~60 °C for 0.27 A, and ~65 °C for 0.29 A), indicating that the coated actuator cools faster
with nanomaterial coating. The figures also demonstrate that the coated actuator rises to a
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lower temperature as the heat is distributed more uniformly throughout compared to a
non-coated actuator.
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Figure 8. Comparison of power consumed (W) vs. time (s). Plots for coated and non-coated mandrel-
coiled TCPp; NR at different input currents, (a) 0.25 A, (b) 0.27 A, and (c) 0.29 A, at 0.0285 Hz (15 s on,
20 s off) frequency.

3.5. Lifecycle Test of Graphene~Mesoporous C-Ni~PVA-Coated TCPp NR

In the setup shown in Figure 5, we performed lifecycle/reliability tests of graphene—
mesoporous C-Ni-PVA-coated TCPr NR. Figure 10 illustrates the results of the lifecycle
tests conducted for the 60 mm long actuator with a pre-stress load of 100 g and an input
current of 0.27 A at 0.1 Hz (4s ON-6s OFF) actuation frequency. The actuator was tested
for 90,000 actuation cycles at this frequency. It is seen from the results that the actuator
shows uniform actuation and cooling until 75, 000 cycles, after which we start to see a
gradual decline in performance. We also fitted the linear and quadratic curves to show the
actuation performance trend. The lifecycle of this actuator is affected by varying frequency
and applied input current, which can be investigated in future research.
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4. Conclusions

In conclusion, the dynamic behavior, actuation strain/displacement, and power con-
sumption of the mandrel-coiled TCPr NR, a promising electrothermal artificial muscle,
were significantly enhanced by surface treatment with graphene-mesoporous C-Ni-PVA
coating. The coating solution was synthesized through a one-pot process using a magnetic
stirrer and centrifuge. This solution was manually shaken and annealed to coat a dry,
uniform layer of the material onto the fabricated actuator, which measured 3.4 mm in
diameter and 60 mm in length. Graphene powder and Ni nanoparticles were combined
with mesoporous carbon, using PVA as the binding agent. The coating improved the
TCPr NR’s thermal conductivity and actuation behavior.

The results of the characterization and comparative analysis between the coated
and non-coated TCPg "R artificial muscles demonstrate the superior performance of the
graphene-mesoporous C-Ni-PVA-coated TCPg NR actuator across multiple metrics. The
coating significantly enhances both displacement and actuation strain, with the coated
actuator achieving approximately 41% higher actuation strain at a constant 70 g load
compared to the non-coated actuator. This improved performance is observed at similar
input power levels, highlighting the efficiency of the coated actuator. The dynamic response
analysis further underscores the advantages of the coated actuator, which consistently
reaches target tensile strains faster than its non-coated counterpart. The coated actuator
exhibits faster heat dissipation, achieving actuation strains 20-40% faster across various
loads. Additionally, the coated actuator’s ability to return to its original position within
the cooling timeframe at higher loads emphasizes its enhanced thermal management
capabilities. Lifecycle tests were conducted for 75,000 actuation cycles at 0.1 Hz and it
was seen that the actuator can actuate for a greater number of cycles. Table 1 shows
the comparison between graphene-C-Ni-PVA-coated TCPr R and other comparable
electrothermal actuators.

Power consumption studies reveal a marked improvement for the coated TCPp NR
actuator, with reductions in power consumption ranging from 6% to 8.5% across differ-
ent input currents. This indicates not only improved mechanical performance but also a
reduction in energy requirements, making the coated actuator more sustainable for pro-
longed use. A temperature variation analysis supports the earlier findings, showing that
the coated actuator achieves a more uniform temperature distribution and faster cooling
rates. This thermal advantage contributes to its overall superior performance and dura-
bility, as the actuator is less prone to thermal damage. In conclusion, the incorporation
of graphene-mesoporous C-Ni-PVA coating in TCP R actuators significantly enhances
their mechanical and thermal performance. These findings suggest that such coatings
could be pivotal in the development of more efficient and durable artificial muscles, with
broad applications in robotics and biomedical devices. Future work should explore the
long-term stability and potential scalability of this coating technology to fully realize its
practical benefits. In the future, we will focus on enhancing the performance of artificial
muscles by adjusting the volume ratios of various materials in the nanomaterial coating.
We will characterize these enhancements based on input current, actuation displacement,
actuation frequency, and actuator lifecycle. Underwater applications like the actuation
of soft robotic jellyfish with similar nanomaterial-coated TCPg NR actuators have been
seen in the literature [16]. We can utilize the graphene-mesoporous C-Ni-PVA-coated
TCPg. "R in similar applications for actuating underwater soft robots. In the future, we
would characterize the graphene-mesoporous C-Ni-PVA-coated TCPg R by applying
the coating a different number of times as shown in Figure 11a—c.
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Table 1. Comparison between graphene-C-Ni-PVA-coated TCP NR and other comparable electrothermal actuators. Dash entries indicate data not found.

1. . . Fishing Line .
Actuation Technologies This Work SMA Wire [41] TCP-6ply [12] TCP Fishing Line with Hydrothermal Coiled SMA [41] TCP Mandrel-Coiled
Heater [13,42] . Muscle [36]
Mandrel-Coiled [43]
. Graphene-C-Ni-PVA- Mand re.l_COI.IEd nylon 6 . Nylon 66, fishing line I Nickel and titanium ManFI re'l—C01.led nylon 6
Material NR fishing line with Silver-coated nylon 66 . ; Nylon 66, fishing line o fishing line with
coated TCPg, . with 0.08 mm nichrome (NiTi) .
0.16 mm nichrome 0.08 mm nichrome
Actuation type Electrothermal Electrothermal Electrothermal Electrothermal Hydrothermal Electrothermal Electrothermal
Precursor fiber 0.8 0.127 0.2 0.8 0.8 0.381 0.8
diameter (mm)
Precursor filament type Monofilament N/A Multifilament Monofilament Monofilament N/A Monofilament
Outer diameter (mm) 34 N/A 24 2.8 3.3 0.10 45
Mandrel usage # Yes No No No Yes Yes Yes
Resistance ((O/mm) 1 1.9 (Q)/inch) 0.031 2 e 0.00827 2.5
Force lifting capability
at max strain (MPa) 2 44 1.96 1.56 300 g 0.3 1.69
Actuation stroke 48% t 4-8% 17-20% 38% 30% at 90 °C water 120% at 0.25 Hz 53% *
Lifecycle (cycles) Tested until 106 cvcles in air 787 in water at 0.25 Hz, 2400 in air at 0.000Hz 10 evcles in water Tested until
4 Y 90,000 cycles 4 25% duty cycle and 1% duty cycle 4 2300 cycles
* Maximum actuation strain. * Diameter used is more than conventional TCP fabricated by us. # Mandrel diameter size can differ, changing output characteristics of artificial muscle in

terms of strain (%), load-carrying capacity, displacement, etc.
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(a) Non-coated actuator (b) Graphene C-Ni PVA coated (C) Graphene-C-Ni-PVA coated
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Figure 11. Proposed work showing the difference in performance of the TCP fishing line actuator;
(a) non-coated, (b) single-layer graphene-mesoporous C-Ni-PVA-coated, (c) double-layer graphene—
mesoporous C-Ni-PVA-coated.
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