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1. Introduction

Skeletal muscles are complex structures that operate synergisti-
cally to produce movement, and their function has been
extensively studied in engineering fields for the purpose of mim-
icking it.[1–3] Accordingly, researchers worldwide have developed
artificial muscles that mimic the biological system as actuators to
achieve capabilities comparable to natural muscles.[4–7] Various
approaches have been taken to develop artificial muscles over the
past few decades.[8–18] For example, dielectric elastomer–based
actuators (DEA) have exhibited the ability to provide large strokes

along with moderate stress generation
upon actuation.[19] Pneumatic artificial
muscles have been enabled to replicate
contractile motion similar to a human
bicep, offering controllable speeds and
high force-to-weight ratios.[20] Shape
memory alloy (SMA) actuators, specifically
nitinol (NiTi), have been widely exploited to
achieve immense amounts of stress based
on the principle of phase transition upon a
change in temperature like Joule heating,
thereby allowing for control over actuation
using electric manipulation.[21] However,
these aforementioned artificial muscle
technologies also have their limitations.
DEA dielectric elastomers easily break
down and show uncertainty in production,
pneumatic artificial muscles require pres-
surized fluids and reservoirs, and SMA suf-
fers from small contractions (4%�8%
strains) and limited bandwidth.[22] Since
SMA suffers from issues like small contrac-
tions, it has not been proven to be useful

in certain applications where larger actuation strokes might
be needed.

Although materials such as SMA have their limitations, an
innovative design approach can open up a realm of possibilities
that cannot exist if SMA is used in a conventional manner. An
example of such an approach is demonstrated by a hydrogel–
matrix encapsulated NiTi actuator, which utilizes a different con-
figuration of SMA wire to achieve a larger stroke.[23] However,
the mentioned work relies on Joule heating for actuating the
artificial muscle. While Joule heating is the most commonly used
technique for actuating NiTi, it becomes unsuitable when such a
design is scaled down in size. Also, Joule heating involves elec-
trical wiring of multiple small actuating elements, introducing
bulkiness, and intricacies to the system. Therefore, chemical-
based actuation, such as catalytic combustion-based heating,
has been demonstrated as an alternative to eliminate the need
for electric energy.[24] RoBeetle, an untethered centimeter-scale
robotic insect, successfully demonstrated mobility with onboard
catalytic combustion-based closed-loop actuation and control
mechanisms.[25] However, precise control of its locomotion
and SMA heating/actuation is limited, as it was designed for
an autonomous battery-free operation based on an electronic-free
mechanical control mechanism of catalytic heating.

The concept of electromechanically controlling the
catalytic heating of SMA has been previously discussed.[26]
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Human skeletal muscle is widely considered to be the most efficient actuator,
leading to extensive research on developing artificial muscles. Bioinspired
technologies such as soft robotics and biomimetics are used to produce artificial
muscles with performance characteristics similar to those of their biological
counterpart. Despite the complexity of human skeletal muscle, advanced
engineering materials and unique approaches can help develop an artificial
muscle that replicates its kinematic motions. Herein, biomimetic modular
artificial muscle (BiMAM), which is the culmination of different design strategies,
is presented, and fabrication methods aimed at developing this BiMAM. This
chemically driven modular artificial muscle uses shape memory alloy coated with
nanomaterials and nano-catalysts. Herein, a high-energy density fuel is employed
to actuate this artificial muscle, enabling fast and efficient outputs. Multiple
performance characteristics are determined by conducting controlled experi-
ments. Various methods are demonstrated to control the fuel-based valve system
and the actuation of the chemically driven artificial muscle. Lastly, to evaluate its
functionality, the curling movement of a robotic finger using BiMAM is
demonstrated.
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Nevertheless, the development of a modular artificial muscle
equipped with catalyst-coated SMA, an electromechanical valve
system, and a chemical-fuel tank has not been reported.
Drawing inspiration from the contractile elements of skeletal
muscle, various principles from this biological counterpart can
be applied when developing a complete modular artificial
muscle.

Bioinspired designs have continuously demonstrated advan-
tages over conventional approaches in the field of robotics.[27–32]

For instance, a bioinspired single-fiber actuator comprising
advanced engineering materials like graphene and liquid crystal
elastomers showed remarkable biomimicry of skeletal muscle.[33]

While this light- and photothermal-actuated artificial muscles
surpass the performance of other liquid crystal elastomer–based
actuators, it is important to consider the convergence of
artificial muscles and humans to validate a complete bioinspired
approach.

Several crucial aspects need to be considered in the subse-
quent stages of development. First, the energy source is a crucial
factor in modular artificial muscle. The catalytic-combustion
method allows for heat generation using various high-energy
density chemicals, such as hydrogen (H2), propane (C3H8),
and methanol (CH3OH) for fuels. Chemical-based heating also
enables efficient driving of multiple SMA wires simultaneously.
Second, the proposed artificial muscle technology should possess
the flexibility to adjust its modular functions according to the
application’s requirements. Unique design and fabrication
techniques for artificial muscle units (AMUs) are necessary
for application-dependent production to manipulate force or
stroke parameters. Lastly, artificial muscles should ultimately
be controlled by the user’s intention based on biological informa-
tion, such as muscle or neural signals. Surface electromyography
(sEMG) signals are widely utilized in robots, exosuits, and bionic
prosthetics to establish biopotential signal-based control.
To control a chemically driven artificial muscle using such neural
signals, an electromechanical valve system is necessary.

With this understanding, we developed biomimetic modular
artificial muscle (BiMAM), which was chemically powered and
could be bio-electrically triggered. In this work, we utilized meth-
anol as a fuel due to its ability to remain in the liquid state at
atmospheric pressure and evaporate at room temperature.
This property facilitated easier storage and enables natural fuel
transport. We investigated a catalytic combustion-based heating
technique where the actuating element is dip-coated with carbon
nanotubes (CNTs) and platinum black (Pt black).

Our novel design and fabrication methods enable adaptive
configurations based on the desired application. For example,
in applications requiring more force generation, multiple NiTi
wires can be placed within a single AMU. For applications requir-
ing larger strokes, two or more AMUs can be placed in series to
increase the overall stroke length. Furthermore, we designed a
centimeter-scale electromechanical valve system that operates
using the principles of electromagnetism to open the valve
and actuate the AMU.We utilized surface-mount device electron-
ics to adequately energize this valve system and enable control via
the general-purpose input–output (GPIO) pins of any microcon-
troller board. This inclusion of an electromechanical valve system
allows for sEMG signal-based triggering of BiMAM.With the use

of this near-biomechatronic technology, we finally showcase its
application by moving an in-house 3D-printed robotic finger.

To the best of our knowledge, this is the first demonstration of
an sEMG-triggered actuation of a chemically driven modular
artificial muscle for the movement of a robotic finger.

2. Results and Discussion

2.1. Design and Fabrication of AMU

The proposed BiMAM comprises two main components: the
AMU and the modular element. The conceptual idea is repre-
sented in Figure 1a and the biomimetic design is shown in
Figure 1b. The AMU, illustrated in Figure 1c, is the main
actuating element consisting of NiTi wires held in place by a hard
polymer base. When subjected to external force, NiTi wires
deform and can be brought back to their original state by apply-
ing heat. During this process, they produce a large force but
exhibit small strokes of up to 4%–8% of their total length.
However, the biomimetic-bending-type configuration in
Figure 1d allows for a significantly larger available stroke com-
pared to the conventional straight configuration of NiTi wires.

With the method described in Experimental Section, we esti-
mate the actuation stroke length for the biomimetic configura-
tion based on the strain and bend-diameter-related information
provided by a manufacturer.[34] Based on the modeling estima-
tions, an AMU equipped with a single 10mm NiTi wire with a
thickness of 0.25mm can achieve a stroke of 34% of its original
length while staying within the recommended outer-surface
strain limit of 4%. Figure S1a, Supporting Information, shows
the relationship between the bending diameter and outer-surface
strain of a 1mm NiTi wire. Figure S1b, Supporting Information,
shows the bending diameter values and the strains occurring on
the outer surface. Figure S1c, Supporting Information, shows
the estimated strokes for 12mm NiTi-wired AMU through 3D
modeling. The estimated values for outer-surface strains up
to 4% are listed in Table S1, Supporting Information.
Theoretically, a longer NiTi wire will result in longer strokes.
However, the increased length of the NiTi wire in such a config-
uration will affect the actuation force capability since the wire will
have to pull its own weight after a certain point.

We developed an adaptive fabrication method that allowed for
the free adjustment of the number of wires or wire placement
patterns as desired. The fabrication process of the AMU is
explained in the Experimental Section and schematically illus-
trated in Figure S2, Supporting Information. The base of the
AMU is a UV-curable acrylate prepolymer, which must possess
sufficient strength to withstand the force and heat during actu-
ation. A tensile test experiment was performed on two 8mm by
20mm acrylate prepolymer bases with a thickness of 2mm, as
shown in Figure S3a, Supporting Information. This solid poly-
mer base exhibited excellent performance under high stress as
seen in Figure S3b, Supporting Information. Additionally, the
base showed no structural changes when subjected to high tem-
peratures (<150 °C) for several minutes. In theory, the actuation
force of thin NiTi wires and the applied heat will not cause any
mechanical or structural deformation to the base during opera-
tion. Figure 2a shows a fabricated AMU with multiple wires.
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Figure 2b shows a single-NiTi wire AMU in the deformed and
actuated state.

A NiTi wire can be actuated using heat produced from Joule
heating, which allows easy electronic control over the actu-
ation.[35] However, to actuate the multiple centimeter-scale
NiTi wires in the AMU, complex electrical wiring and electronics
systems would be required. Additionally, we consider the fact
that using a battery to provide electric energy for Joule heating
would increase the overall size of the modular artificial muscle.
Chemical-based heating, such as catalytic combustion of fuel
over a catalyst-coated NiTi wire, can eliminate the need for elec-
trical wiring. Figure S4a,b, Supporting Information, illustrates
how the catalytic combustion of methanol over platinum nano-
particles (Pt black) can be used for heating and actuating an SMA
wire. Moreover, this method allows for the actuation of multiple
centimeter-scale NiTi wires simultaneously. Due to methanol’s
ability to evaporate and catalytically combust on the surface of
platinum nanoparticles at room temperature, it is a favorable

option for the chemical-based heating of AMU. Methanol can
also be stored in liquid form at atmospheric pressure, which
is an important factor considering the modularity aspect of this
work. Additionally, the byproducts of the catalytic reaction are
unhazardous and in the gaseous state.

However, using chemical-based actuation restricts the elec-
tronic control of AMU’s actuation. To overcome these limitations,
we conceptualize an electromechanical valve system that can reg-
ulate the flow of chemical fumes to electrically trigger chemical-
based actuation. Figure 2c shows our conceptual method for
controlling the actuation of a chemically driven AMU.

To enable catalytic-combustion-based heating, we fabricated a
CNT/Pt-hybrid NiTi wire as shown in Figure 3a,b. Since the
speed of actuation is an important parameter for artificial
muscles, we used a layer of CNTs to act as a thermal conductor
for transferring the heating from Pt black to NiTi wires. CNTs
are known to be excellent thermal conductors.[36] Platinum nano-
particles wrapped in short multiwalled carbon nanotubes

Figure 1. a) Conceptual illustration showcasing the bioinspired design. b) The 1D structural design similarities between the myofilaments of skeletal
muscle and the artificial muscle unit (AMU). c) Conceptual 3D model of AMU. d) Graphic showing the adjusting-curve-type actuator stroke of a shape
memory alloy (SMA) wire.
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(MWCNT) sheets have been used for hydrogen-based catalytic
heating of SMA, demonstrating the material’s advantages as a
thermal conductor.[37] Thermal conductance of short-MWCNT
and long-MWCNT has been measured in a polymer matrix, with
long-MWCNT showing superiority in thermal conductance
mainly due to its better percolation compared to short-
MWCNT.[38] However, in this work, we directly attached the
short-MWCNT particles to the NiTi wires to achieve maximum
surface area contact between nanoparticles and SMA for faster
thermal conduction. To coat the NiTi wires used in the AMU,
we employed a dip-coating method to form ultrathin layers of
CNT and platinum nanoparticles on the surface of NiTi wires.

The fabrication process of this CNT/Pt-hybrid NiTi wire is
described in Experimental Section and Figure S5, Supporting
Information, illustrates the process. Microscopic images of the
surface of the SMA actuator are shown in Figure 3c. The average
thickness of the CNT-coating is around 15 μm. The coating did
not appear to impose any noticeable restriction to the bending of
NiTi wire. The average thickness of Pt black–coating over the
CNT layer is around 5 μm. A simple experiment determined that
this CNT/Pt-hybrid NiTi wire actuates when exposed to methanol
fumes. To further validate the use of CNT as a thermal-conductive

material, we compared its catalytic-heating performance with that
of a thermal-conductive paste. Figure S6, Supporting Information,
indicates that CNT-coated catalytic heating showed stable actu-
ation compared to the thermal paste. However, parameters, such
as thermal paste layer thickness, environmental disturbances, and
Pt black agglutination, play an important part in stable catalytic
heating, and alternating these parameters can give various out-
comes. We observed that increasing the catalyst loading on the
NiTi wire caused Pt black to self-ignite and glow red (due to over-
heating), rendering the catalyst unresponsive to the methanol fuel.
Additionally, overheating of the NiTi wire caused permanent dam-
age. When the catalyst loading was reduced, we observed that the
actuation was disoriented and slow, and in some cases completely
unresponsive. Through trial and error, we established the optimal
thickness of the Pt-coating layer for our work.

2.2. Catalytic-Heating Performance of Chemically Driven
Single-Wire AMU

Before developing BiMAM, chemical-based actuation of the
AMU was tested to obtain the parameters for designing the mod-
ular system. Particularly, we conducted experiments to

Figure 2. a) Fabricated AMU with multiple NiTi wires. b) Single-wire AMU in i) deformed state and ii) actuated state. c) Conceptual diagram of electronic
control of actuating multi-wired AMU with chemical fuel (methanol).
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determine characteristics like the response time of catalytic heat-
ing by exposing methanol fumes to Pt/CNT-coated temperature
sensor, the effect of the gap between the methanol source and
AMU on actuation, and the speed of actuation of AMU in
response to valve operating time. A 250 μm thickness NiTi
wire–based AMU is used for all experiments, unless otherwise
specified.

The ratio of methanol–air–vapor/air mixture for steady-state
catalytic combustion of methanol over Pt nanoparticles is
<14.4%, which can be maintained at a thermal equilibrium
for hours.[39] To increase the heating rate, the ratio should be
greater than 14.4%. However, controlling these ratios without
the involvement of precision systems is challenging. Since

methanol fumes need to be directed toward the catalytic artificial
muscle with a concentration higher than that 14.4%, it is neces-
sary to ensure that the fumes are directed in a way that prevents
scattering. The concentration of fumes is more likely to be higher
near the surface of the fuel and tends to scatter as the distance
from the fuel surface increases. An experiment was carried out to
observe this phenomenon and validate the theory. The experi-
mental setup is described in Experimental Section and Figure
S7, Supporting Information. Figure 4a shows a plot comparing
catalytic heating at different distances. It can be observed that at 2
and 4mm distances, the temperature rise and fall have stability,
indicating efficient catalytic heating. However, at a 6mm dis-
tance, catalytic heating is slower and chaotic in nature.

Figure 3. a) Illustration of different coating layers on SMA wire. b) Image of a carbon nanotubes (CNT)/Pt-coated NiTi wire. c) Microscopic imaging of the
wires at different stages of the coating process.
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Keeping a long distance between the Pt/CNT-coated sensor and
the fuel source results in the fume taking more time to reach the
sensor. Moreover, wider distances expose the fumes to environ-
mental disturbances, causing more scattering and resulting in a
lower concentration of methanol fumes over the muscle.
Figure 4b shows how different exposure timings with a 6mm
distance between the fuel source and catalyst-coated SMA can
affect actuation and Figure S8, Supporting Information, shows
the experimental setup. Consequently, the catalytic heating

becomes disoriented. The distance between the fuel source
and catalytic muscle is an important factor to consider when
designing the BiMAM since it can affect the concentration of
fumes required to steady heat generation and actuation.

In this article, the speed of actuation is defined as the total
time it takes for the AMU to completely actuate once the metha-
nol fumes disperse. When a skeletal muscle actuates (contraction
of muscle), which is biochemically driven, the speed of actuation
includes the aftermath of a neural signal triggering the motor

Figure 4. a) Plot showing the effect of distance on catalytic heating. b) Plot showing actuation attempts with different exposure timings with a 6mm
distance between the fuel source and catalyst-coated SMA. c) Plot showing actuation strokes for different exposure timings with a 2mm distance between
the fuel source and catalyst-coated SMA. d) Two plots showcasing temperature control ability for catalytic heating with programmable temperature limits
with a 88–104 °C limit (left) and 88–92 °C limit (right).
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synapse.[40] Adhering to that statement, the time taken for meth-
anol fumes to make contact with the AMU is necessary to include
as it is a part of the actuation process. To analyze the speed of
actuation, AMU is exposed to methanol fumes for different
durations ranging from 100 to 900ms as seen in Movie S2,
Supporting Information. The experimental setup is described
in Experimental Section and Figure S9, Supporting Information.
From the experimental data in Figure 4c and Table S2,
Supporting Information, we can see that the time required to
complete the actuation stroke is between 0.5 and 0.6 s.
Shorter (incomplete) strokes are achieved when the time win-
dows for the methanol fume to contact the Pt/CNT-coated
NiTi wire are smaller, i.e., 0.1, 0.2, 0.3, and 0.4 s. When the valve
is open for a smaller amount of time, the effective fume concen-
tration needed for catalytic heating would not sustain for the time
required for the Pt/CNT-coated NiTi wire to completely actuate,
resulting in incomplete actuation. Complete actuation strokes
can be seen beyond the 0.6 s window, such as 0.7, 0.8, and
0.9 s, but the issue of overheating can occur if catalytic heating
sustains itself for longer periods. Figure 4d shows how this
overheating issue can be counteracted. It is possible to control
overheating by implementing a feedback loop that senses the
temperature and keeps the methanol fume contact within a cer-
tain desired limit. Since the methanol fume contact is dependent
on an electromechanical valve system, a fast ON/OFF trigger can
maintain the concentration required for steady heating.

2.3. Performance and Application of Chemically Driven
Single-Wire and Multi-Wire AMU

The performance of the fabricated muscle units is tested in terms
of stroke (no-load and with bias weight), force generation, and
bandwidth. Figure S10, Supporting Information, shows that
the experimental stroke values, estimated stroke values through
modeling, and corrected stroke values for a single AMU with two
wires actuating in opposite directions and three similar AMUs
actuating in series. The no-load stroke achieved by a single
AMUwith two wires actuating in opposite directions at 2% defor-
mation is 4mm. As anticipated, three AMUs connected in series
achieve a three times larger stroke of 12mm. However, the esti-
mated stroke values from the modeling largely differed from the
experimental values. Upon investigation, it was found that the
modeling did not consider the hindrance caused by the 2mm
thick polymer base that holds the NiTi wires. After remodeling
AMU with the polymer base’s effect on the bending of NiTi
wires, the estimated and recorded stroke values correspond with
each other.

Figure 5a shows the cyclic operation of a 12mm single-wire
AMU subjected to a spring-bias force of 10 g at a 2mm distance
from its resting tip position. A single actuation cycle consists of
actuation (heating) and deformation (cooling). This chemically
driven AMU completes 11 cycles per minute (CPM), with a work-
ing frequency calculated to be 0.18 Hz. The experiment also dem-
onstrated the robustness of AMU as it showed continuous
operation for 100þ cycles with 2mm average strokes for over
10min as seen in Figure 5a. The experimental setup is shown
in Figure S11a, Supporting Information, and schematically illus-
trated in Figure S11b, Supporting Information. During this

experiment, we observed the CNT/Pt-coating on NiTi wire.
The coating displayed complacent mechanical contact and no
loose particles of the coating were detected. This cycling test pro-
vides us with an adequate indication that the CNT/Pt-coating can
mechanically stay attached to the abrased surface of the NiTi wire
for multiple actuation cycles. Table 1 shows a comparison
between AMU and other related works.

Figure 5c schematically illustrates the different positions of a
NiTi wire when a bias weight is introduced against it before actu-
ation. The actuation stroke length achieved by the single-, double-,
and triple-wired AMU varies depending on the bias weight
since it considers the initial deflection caused by the bias weight.
It is also evident that as the number of NiTi wires in an AMU
actuating in the same direction increases, the bias weight needs
to considerably increase to deform (bend) the wires. Figure 5d
schematically illustrates the actuation strokes achieved against
the bias weights. It is important to note that even though the
NiTi wires actuate upon being heated, they do not completely
reach back to the “relaxed state” when heavier bias weights
are introduced. All the deflection and stroke values were carefully
measured using a digital vernier caliper. Figure 5e shows deflec-
tion in millimeters caused by the different weights attached to
the AMUs with single, double, and triple NiTi wires.
Figure 5f shows the actuation stroke achieved by AMUs with
the single, double, and triple NiTi wires producing a pulling force
in the same direction. Figure S12, Supporting Information,
shows the experimental setup layout. Upon simple observation,
we can see that introducing multiple wires to AMU that actuate
in the same direction can achieve larger strokes and greater pull
force, but require considerably larger bias weight initially. Longer
strokes and greater pull force can thus be achieved with this
biomimetic design of AMU, with one condition: considerable
bias force will be required initially. The biomimetic adjusting-
curvature-type actuation of AMU has the advantage of offering
larger actuation strokes, but the actuation force that it can
generate is compromised. We calculate the work output and
maximum average power of AMU using Equation (1)

WAMU ¼ Fd ¼ mgd (1)

After further modifying Equation (1) to include the varying
force from the plastic film, we get

WAMU ¼ 1
2
ðmp �mzÞgd (2)

where mp is the average weight at 2 mm actuation stroke and mz

is the weight at a fully relaxed state. We measure the maximum
average work output of the single-wired AMU to be 98.1 μJ at
0.18Hz. From this experiment, the average power is calculated
to be 17.64 μWwhen a varying spring load is applying an average
force of 0.04905 N for an average displacement of 2 mm.
However, if we consider the maximum load-carrying capacity
of a single-wired AMU that we observed (64 g), and put it in
Equation (1), we get the maximum average work output to be
226mW assuming the same operating frequency of 0.18 Hz.

Additionally, to demonstrate the versatility of our fabrication
techniques, we fabricated AMUs using different diameter SMA
wires. NiTi wires of 125, 250, and 375 μm thickness were used to
fabricate single-wired AMUs. Keeping all the actuation
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parameters the same during the catalytic heating of the three
different thickness wires, we observed that the performance in
terms of speed of actuation speed and stroke using catalytic actu-
ation (Movie S4a, Supporting Information) is similar to that of
direct heating–based actuation using a heat gun (Movie S4b,
Supporting Information). Thicker NiTi wires require more time

to actuate in both actuation methods. Figure S13, Supporting
Information, shows the corresponding plot. The bending curva-
ture is limited when using thicker wire; however, the actuation
force generated by thicker NiTi wires is larger than thin wires. By
employing the adaptive AMU fabrication method, actuation force
and stroke values can be easily adjusted by integrating thicker or

Figure 5. a) Plot showing the operating frequency of a single-wired AMU b) Plot showing actuation cycles per minute (CPM) of AMU. c) Schematic
showing the positions of a NiTi wire when bias weights are introduced. d) Schematic showing positions of a NiTi wire after actuation against bias weights.
e) Plot showing the deflection caused in 1-, 2-, and 3-wired AMUs due to different bias weights. f ) Actuation strokes achieved against the bias weights by
1-, 2-, and 3-wired AMUs.
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thinner wires during fabrication, thus enabling application-
focused fabrication.

Furthermore, to demonstrate the use of AMU in an unteth-
ered application, we designed and developed a simple inchworm
robot that uses AMU for its movement (Figure S14a, Supporting
Information). The inchworm was fabricated using 3D printing
and a plastic sheet for the bending portion. The plastic sheet also
provided an effective counterforce for the AMU to deform. To
demonstrate the movement of the robotic inchworm, methanol
fuel fumes were manually provided using a pair of tweezers and
cotton infused with liquid methanol. When the muscle actuates,
the flexible plastic sheet is forced to bend, causing the inchworm
robot to contract its body. When the methanol exposure is
paused, the AMU starts cooling down and starts deforming as
the flexible plastic sheet forces itself to its original form, causing
the inchworm robot to stretch its body. This cycle of contraction
and relaxation propels the inchworm forward, producing
movement. The locomotion of the inchworm resulting from this
contraction–relaxation–actuation cycle is shown in Movie S4 and
Figure S14b, Supporting Information.

2.4. Development and Characteristics of BiMAM

To demonstrate electronic control of chemically actuated AMU,
we designed and developed BiMAM, an independent self-
contained unit that included additional elements such as a fuel
container, an electromechanical valve system, and an electronic
triggering system to activate the fuel-valve system. Figure 6a
shows BiMAM next to a coin for scaling reference. Figure 6b rep-
resents the 3D conceptual model that was carefully designed
based on the experimentally gathered parameters of the chemi-
cally driven AMU.

The ability to be controlled by any commercially available
microcontroller is of utmost importance to demonstrate its mod-
ularity. Essentially, a microcontroller acts as the brain of BiMAM.
The fuel-valve system is designed using a 3D modeling software
and printed using a Resin 3D printer (Formlabs Form3þ) with
clear resin as the material. The fuel-valve system is designed to
securely hold the muscle unit in place, store methanol fuel, and
integrate an electromagnetic system that provides us with an
operating sliding valve mechanism. All the components of the
modular artificial muscle are shown in Figure 6c. It consists
of the AMU (acrylate prepolymer base, CNT/Pt-hybrid

NiTi wires), copper coil (0.1 mm), neodymium magnets
(6 pieces, 1mm thickness, 6mm diameter), a valve slider, mus-
cle unit holder, fuel container, and electronics to provide
required input to the copper coil. Figure S15, Supporting
Information, shows the circuit diagram of the electronics used
to energize the coil. It is similar to the electronics used to drive
a commercial relay module using a development board such as
an Arduino. The electrical components used are as follows:
an negative-positive-negative (NPN) transistor (MMBT2222), a
diode (IN4007), a resistor (150 ohms), and a status light emitting
diode (LED). Note that in the fabricated model of BiMAM, the
electronics are not embedded as per the conceptual design,
but the components used are accurate to scale. Movie S5,
Supporting Information, shows the basic working operation
and actuation of BiMAM. The electric current drawn by the cir-
cuitry and the coil from the power supply pin of the Arduino was
measured to be between 210 and 220mA. The connection used
as a trigger for opening and closing the valve draws an additional
10mA. According to the datasheets of the NiTi wires provided by
the manufacturer (Dynalloy Inc.), the electric current required to
heat the 250 μm diameter wire is 1050mA to achieve contraction
in 1 s. BiMAM in comparison draws almost four times less cur-
rent to achieve actuation for the same NiTi wire. For 150 and
375 μm NiTi wires, the current requirement stated in the data-
sheets by the manufacturer was 320 and 2250mA, respectively,
to achieve contraction in 1 s. For BiMAM, the change in NiTi
wire diameter does not affect the current requirements since
the actuation is chemically powered.

The fuel container has a total volume of 495mm2. The top half
of the container is divided into two parts, each with a volume of
90mm2. The bottom half of the container has a volume of
315mm2. A total of 490 μL of liquid methanol can be stored
inside this container. The average evaporation rate of methanol,
when the valve is constantly in the open position, is
10.7 μLmin�1. Figure S16, Supporting Information, shows the
methanol evaporation rate when the valve is in a continuous open.
The rate of evaporation in the upper half of the container is com-
paratively faster than that of the lower half. This effect can simply
be associated with the volume difference of the fuel and the relative
distance of the fuel to the opening of the valve. The total time taken
for the fuel to completely evaporate in a continuous open state was
45min. Evaporation of the fuel from the fuel container can be seen
in Movie S6, Supporting Information.

Table 1. A comparison between the performances of similar works.

Muscle Actuation–
configuration

Actuation
method

Energy
source

Thermal
conductor

Wire
diameter
[μm]

Wire
length [mm]

Linear stroke
[% of wire
length]

Actuation
time [s]

Relax.
time [s]

Frequency
[Hz]

HENA[23] Adjusting
curve

Joule heating External
DC supply

NA 250 40 35–62.5 �2 �3 0.2

RoBeetle[25] Linear Catalytic
heating

Methanol Thermal paste 50.8 9.8 �1.2 <2 �2 1

CC-engine[26] Linear
(leaf spring)

Catalytic
heating

Hydrogen Thermal paste 38.1 13 �7 <1 <1 1–6

AMU (Our work) Adjusting
curve

Catalytic
heating

Methanol Carbon
Nanotubes

250 12 15–25 �0.5 �4.5 0.18
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In our experience, if the catalytic-coated SMA actuator was not
in operation for a long period (after being in operation at least
once), the Pt black nanoparticles lose their ability to catalytically
react and heat the SMA actuator wire. This coincides with
the phenomenon observed by Applegate J., where the author
reported that when the catalytic nanoparticles were not in

operation for a long period of time (>24 h), the reactive activity
of the catalytic nanoparticles had diminished.[41] To counteract
this limitation, we introduced modularity in designing
BiMAM. This allows the AMU to be removed and replaced from
BiMAM easily in case there is poisoning or blockage of active
sites on the catalytic coating of the SMA wires. Figure S17,

Figure 6. a) Photograph of biomimetic modular artificial muscle (BiMAM) next to a coin for size scaling. b) The 3D conceptual model of BiMAM.
c) Exploded view of BiMAM. d) The basic operation of BiMAM. e) Graphically illustrated operational concept of BiMAM. Moreover, since the fuel-valve
system can be operated using a microcontroller board, it can take inputs from any sensor and allow for programming a trigger-based actuation.
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Supporting Information, shows how the AMU can be removed
from the BiMAM for replacement.

The electromagnetic valve system is capable of superfast oper-
ation. Movie S7, Supporting Information, shows the different
speeds at which the valve system can operate. The basic working
of the electromagnetic valve system and the AMU is shown in
Figure 6d and is schematically represented in Figure 6e.
When the coil is energized, the repulsive electromagnetic force
is generated against the neodymium magnets, which pushes the
sliding valve up and exposes the methanol fumes to the AMU.
Upon de-energizing the coil, the valve shuts off and cutting off
the methanol fume contact and pausing the catalytic heating. An
Arduino UNO development board is used to power and operate
the valve, with basic codes written on Arduino IDE software.

This type of electric control allows the fuel-valve system to work
at high frequencies up to 1000Hz. This characteristic can help
achieve temperature control of catalytic heating on the surface of
the catalyst-coated NiTi wire. With the inclusion of a feedback
system, it is possible to open and close the valve at certain fre-
quencies to control the methanol fume contact with the catalyst-
coated target. Using this method, overheating of AMU can be
avoided and a stable continuous actuation can be achieved.

We demonstrated this by using an EMG sensor (Sparkfun’s
Myoware Muscle Sensor) input to trigger the opening of the valve
in BiMAM. Figure S18, Supporting Information, shows the flow-
chart to depict this use case. As seen in Movie S8, Supporting
Information, when the user flexes the muscle, the EMG sensor
sends a signal that is read by the microcontroller board and the

Figure 7. a) A straightforward comparison between the conceptual sequential process of moving a finger (top) and moving a robotic finger (bottom).
b) Experimental setup of the robotic finger curling using BiMAM.
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pre-programmed microcontroller delivers an output signal that
energizes the coil which results in the opening of the valve sys-
tem. This experiment shows the potential of BiMAM to be con-
trolled by any commercially available development boards and
sensor modules.

Figure 7a shows the conceptual idea behind the development
of BiMAM. Figure 7b shows the entire experimental setup that
mimics the sequence of the skeletal muscle actuation process.
The robotic finger is fabricated using a 3D printer (160M
Moment 3D Printer). The material used is PLA. The finger is
divided into four segments, each containing a slot for a string
to pass through. This string is bonded only to the tip of the finger
and passes freely through the slots of the other segments. The
other end of this string is used for coupling it with BiMAM.
The AMU in this particular module uses 375 μm diameter
NiTi wires. Both the tips of the NiTi wires are also bonded with
strings using a strong adhesive. These cotton strings essentially
behave like the actin element in a skeletal muscle (but in this case
are permanently bonded to the myosin element and do not
release). The string from one side of the BiMAM is connected
to the string of the robotic finger. The other side string is attached
to a holder which is fixed on an acrylic base. Upon receiving an
electrical trigger from the computer, BiMAM actuates. The
stroke length and the pull force produced by BiMAM are suffi-
cient to move the finger as seen in Movie S9, Supporting
Information.

The time taken to curl the robotic finger by BiMAM is longer
than anticipated. We hypothesize that the observed discrepancies
between the speed of actuation of AMU in Section 2.2 and the
speed of curling robotic fingers can associate with factors like
external disturbances, insufficient fume concentration, and
mechanical interruption.

Noticeably, the overall length of BiMAM used to move the
robotic finger is less than 20mm. The total wire length used
in this demonstration of BiMAM was 24mm. In comparison,
if the NiTi wire was used in the conventional straight configura-
tion, a 100mm long NiTi wire will be required to produce the
same movement in the robotic finger. This validates the fact that
an unconventional biomimetic design of SMA can provide larger
strokes at the centimeter scale that can be further utilized in
robotic and bionic applications.

3. Conclusion

In this article, we introduced BiMAM, a chemically powered
modular artificial muscle capable of electronic manipulation.
This modular design combines CNT/Pt-hybrid SMA wires
and a centimeter-scale electromechanical unit for fuel storage
and delivery. The main advantage of BiMAM is its ability to elec-
tronically control a chemically powered SMA actuator, with all
the driving elements, including electronic components, fuel stor-
age, and the fuel-control valve, integrated into the module.
BiMAM also requires four times less electric current to initiate
actuation compared to Joule heating–driven SMA actuator. The
module can be controlled through any microcontroller and
programmed to respond to various inputs, such as EMG signal
input, or digital/analog sensors, while being powered by chemi-
cal energy. Additionally, the biomimetic design of the AMU

allows for larger strokes than conventional linear strokes in
SMA actuation.

The innovations that made the development of BiMAM
possible can be categorized into two parts: the fabrication of
the CNT/Pt-hybrid SMAwith a flexible AMU and the prototyping
of an electromagnetic-based centimeter-scaled valve system.
Testing of catalytic combustion-based heating of AMU using
methanol was conducted to characterize the effect of distance
between the fuel source and catalyst-coated target. The perfor-
mance of a single-wired AMU demonstrated pull forces between
0.3 and 0.6 N, achieving a stroke length of 15%–25% of the wire
length. No-load actuation speeds up to 0.5 s were recorded along
with 4.5 s of cooling (relaxation) time when subjected to a coun-
teracting spring-bias force. A working frequency of 0.18 Hz was
achieved, and AMU demonstrated over 100þ cycles with an aver-
age stroke of 2 mm for more than 10min. The electromagnet-
based valve system of our modular artificial muscle showed
working frequencies of up to 1000 Hz. The coil system in our
module uses four times less current compared to Joule heating
for actuating the 250 μm thin wire. We also demonstrated the
activation of the electromagnet-based valve system based onmus-
cle movements from a human hand using a surface EMG sensor.
Lastly, we showcased the application of BiMAM by demonstrat-
ing the curling movement of a robotic finger.

This work presents an innovative approach toward designing
an electronically controllable fuel-based artificial muscle by devel-
oping a solution that provides onboard fuel delivery using an
electromechanical valve system combined with catalytic heating
of the AMU. Furthermore, the utilization of adjusting-curve actu-
ation of SMA, inspired by the myosin element in the skeletal
muscle, demonstrates competitive performance in terms of actu-
ation stroke length and speed compared to previous similar
works. Moreover, by demonstrating EMG control and robotic fin-
ger actuation, this work represents the first step toward showcas-
ing the potential for developing chemically powered bionics
for humans. Future research can explore different actuating
and catalytic materials, chemical fuels, and design strategies.

4. Experimental Section

Software—Autodesk Fusion 360: Fusion 360, an open-source 3D design
software by Autodesk, was used to model the SMA wire to estimate the
achievable stroke lengths at different bending diameters. The information
about outer-surface strain values and the corresponding bending diameter
ratios were occupied by a manufacturer. Based on our requirements of
actuating force values in our configuration, we decided to model and esti-
mate stroke lengths for 10 and 12mm long SMA wires of 0.25mm thick-
ness. Using the bend diameter ratios for the outer-surface strain values up
to 8%, we produced different models to measure the achievable stroke
length upon actuation. The total stroke length in our configuration would
be the displacement of the tip from the bent state (deformed state) to the
straight state (actuated state). Although obvious, it was important to note
that outer-surface strain values beyond 4% did not produce any useful
stroke since the bending diameter was too small and the tips of the
SMA wire started bending inward. Moreover, outer-surface strain values
beyond 4% could cause permanent damage to the NiTi wire. The molds,
supports, and modules used in this work were designed using the same
3D modeling software.

The Fabrication Process of the Artificial Muscle Unit: Acrylate prepolymer
was used as a base for holding the SMA wires in place. Molds A and B are
3D designed, 3D modeled on Fusion 360 software, and printed using a 3D
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printer (M160 Moment 3D printer) with PLA as the material. Additionally,
they were designed with the purpose of using them repeatedly for fabri-
cating multiple units of artificial muscle. A thin plastic film was placed on
Mold A. Based on the stress generation requirement, several NiTi wires
could be inserted in Mold A through the plastic film. The pattern of placing
the NiTi wire was also subject to the use case. After that, Mold B was
placed over the top of Mold A. Elastic bands were used to keep Mold
B from moving and tightly in contact with Mold A. To act as a base for
holding the NiTi wires in place, acrylate prepolymer was used in the devel-
opment. Once acrylate polymer was poured into mold B, it was set for
ultraviolet curing to harden up. UV curing was carried out for 12min, with
405 nm as the wavelength of the UV light. After curing, the molds were
taken apart and the fabricated muscle unit was taken out. The plastic films
could be removed from the molds and the molds could be reused for
fabricating more muscle units. The process of coating SMA wires was
done using the dip-coating method. The NiTi wires are subjected to abra-
sion to form a rough surface. This is done to enhance the CNT attachment
onto the wire. CNT is attached to the abrased NiTi wire by the dip-coating
method. The solution for dip-coating comprised isopropyl alcohol (IPA,
100mL). After every dip of NiTi wire in the CNT/IPA solution, it was briefly
heated to 50 °C using a heat gun. This was done so that the IPA solvent
quickly evaporated, leaving the CNT wires on the NiTi wire surface. This
process of dipping and heating was done till a uniform layer of CNT coat is
formed on the wire. To achieve the same thickness every time, the layering
process was observed under a microscope (Olympus BX53 Semi-
Motorized Fluorescence Microscope). For attaching Pt black over the
CNT coating, a similar method to dip-coating was used. Pt black was
mixed with acetone to form a sludge-like texture. The CNT-coated wire
was driven through this sludge and heat blown by the heat gun after every
dip. This way acetone evaporated rapidly leaving Pt black on the CNT-
coated NiTi wire. Moreover, excess Pt black was blown out using a heat
gun, resulting in no loose particles on the surface.

Experimental Setup for Distance-Effect between Methanol Source and
Catalyst-Coated Sensor: A K-type thermocouple was coated with the same
method that was used for coating the NiTi wire to perform catalytic heating
on its surface. During the experiment, the K-type thermocouple sensor was
suspended on top of a methanol fuel source container at a distance of 2, 4,
and 6mm respectively. This container had a volume of 1 cm3 and the top
of this container had a sliding valve flap which was attached to a servo-
motor. This servomotor was essentially used for opening and closing the
flap over the methanol fuel container to control the exit of fumes from the
container, acting as a valve system. When this valve was in the open state,
the methanol fumes were free to diffuse in the air and contact the K-type
thermocouple sensor suspended over it. The servo was controlled with an
Arduino Uno microcontroller development board. The temperature limits
were set as per the actuation requirements of the SMA wires. The
temperature limits were set as 90 and 40 °C corresponding to the heating
(actuating) and cooling (relaxing) temperatures of SMA, respectively.
When the sensor temperature reading was below 40 °C, the valve system
switched to open state. The temperature reading started rising and when
the temperature reading exceeded 90 °C, the valve switched to the closed
state. This cut off the fume contact with the sensor and the temperature
started decreasing. The cycle of heating and cooling continued and kept
the valve system automated.

Experimental Setup for 6 mm Distance-Effect on SMA Actuation: AMU
was suspended on top of a methanol fuel source container at a distance
of 6 mm. This container had a volume of 1 cm3 and the top of this con-
tainer had a sliding valve flap which was attached to a servomotor. This
servomotor was essentially used for opening and closing the flap over the
methanol fuel container to control the exit of fumes from the container,
acting as a valve system. When this valve was in the open state, the meth-
anol fumes were free to diffuse in the air and contact with AMU suspended
over it. The experiment was carried out with the four open-state valve
timings—1, 2, 4, and 6 s.

Experimental Setup for Speed of SMA Actuation: AMU was suspended on
top of a methanol fuel source container at a distance of 2 mm. This con-
tainer had a volume of 1 cm3 and the top of this container had a sliding
valve flap which was attached to a servomotor. This servomotor was

essentially used for opening and closing the flap over the methanol fuel
container to control the exit of fumes from the container, acting as a valve
system. When this valve was in the open state, the methanol fumes were
free to diffuse in the air and contact with AMU suspended over it. The
servomotor was programmed to open and close the flap for the desired
time window using an Arduino Uno Development board. A total of 9 time
windows were tested. The duration of the time windows were as follows—
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 s.

Materials: The materials used were FLEXINOL NiTi9 wires (Dynalloy,
Inc.), platinum nanoparticles (platinum black HiSPEC 1000, Alfa
Aesar), short-MWCNTs nanowires (Sigma Aldrich), methanol (99.8%
purity, Sigma Aldrich), isopropyl alcohol (99.5% purity, Sigma Aldrich),
clear resin (Formlabs), and acrylate prepolymer (caprolactone tris
(2-hydroxyethyl) isocyanurate triacrylate, 1,6-hexanediol diacrylate, and
(1-hydroxycyclohexyl) phenylmethanone).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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