
Materials Research
Express             

PAPER • OPEN ACCESS

Qadralimb: embedded TCP actuators in silicone
for grasping tasks and underwater soft robots
To cite this article: Vivek Panchal and Yonas Tadesse 2025 Mater. Res. Express 12 035701

 

View the article online for updates and enhancements.

You may also like
Poly-Saora robotic jellyfish: swimming
underwater by twisted and coiled polymer
actuators
Armita Hamidi, Yara Almubarak, Yash
Mahendra Rupawat et al.

-

Synthesis and characterizations of
alginate--tricalcium phosphate
microparticle hybrid film with flexibility and
high mechanical property as a biomaterial
Dipankar Das, Shengmin Zhang and Insup
Noh

-

Evaluation of a Trivalent Chromium
Process (TCP) Conversion Coating on
AA2024-T3 That Requires No Surface
Pretreatment
Jack Walton, T. K. Shruthi, David Yancey
et al.

-

This content was downloaded from IP address 182.53.150.215 on 22/06/2026 at 15:36

https://doi.org/10.1088/2053-1591/adc172
https://iopscience.iop.org/article/10.1088/1361-665X/ab7738
https://iopscience.iop.org/article/10.1088/1361-665X/ab7738
https://iopscience.iop.org/article/10.1088/1361-665X/ab7738
https://iopscience.iop.org/article/10.1088/1748-605X/aa8fa1
https://iopscience.iop.org/article/10.1088/1748-605X/aa8fa1
https://iopscience.iop.org/article/10.1088/1748-605X/aa8fa1
https://iopscience.iop.org/article/10.1088/1748-605X/aa8fa1
https://iopscience.iop.org/article/10.1088/1748-605X/aa8fa1
https://iopscience.iop.org/article/10.1149/2.0881915jes
https://iopscience.iop.org/article/10.1149/2.0881915jes
https://iopscience.iop.org/article/10.1149/2.0881915jes
https://iopscience.iop.org/article/10.1149/2.0881915jes


Mater. Res. Express 12 (2025) 035701 https://doi.org/10.1088/2053-1591/adc172

PAPER

Qadralimb: embedded TCP actuators in silicone for grasping tasks
and underwater soft robots

VivekPanchal andYonas Tadesse
Humanoid, Biorobotics and Smart Systems (HBS) Laboratory,Mechanical EngineeringDepartment, Jonsson School, TheUniversity of
Texas atDallas, Richardson, TX,United States of America

E-mail: yonas.tadesse@utdallas.edu

Keywords: underwater robot, soft robot, contractile actuators, TCPmuscles, artificialmuscles

Supplementarymaterial for this article is available online

Abstract
In the past few years, significant advancements have beenmade in soft robotics using various
actuators. One notable development is the emergence ofTwisted andCoiled Polymers (TCP) and the
integration of TCP actuators in silicone. TCP artificialmuscles have several advantages: they are quiet,
inexpensive, exhibit lowhysteresis, operate at low voltage and can be tailored for desired shapes. This
research focuses on characterization of the 2-ply TCP actuators embedded in silicone and their
application for a swimming robot and grasping application. Initially, the actuators were characterized
for static and dynamic behaviors, considering critical parameters such as applied voltage, actuation
frequency, pre-tension, resistance of themuscles, geometry and thematerial composition.Out of
these, thefirst three parameters can be controlled during operation. The study determined the
optimum ranges for these controllable parameters, specifically for a swimming and grasping
applications. For swimming, a low-profile robotic structure with four limbs (eachmeasuring
140× 60× 5mm3)was developed that was able to swim a vertical displacement of 343mm in 640 s.
Limb actuation conditions were also optimized for grasping, demonstrating successful grasping in air
and inwater against gravity using a single or combined limbs. The 2-ply TCP actuators provided a
strain of 12.5% at a 300 g (2.9 N) optimum load and a blocking force of 1.7 kg (16.7 N)when supplied
with 225 J of electrical input energy (20 V, 0.75 A current and 15 s heating time). Notably, this soft
structurewith embeddedTCP actuators has not been demonstrated in an underwater environment,
and hence this study adds new knowledge in this area. Furthermore, FEM simulation results on a
single limb under the effect of gravity was performed using ANSYS to compare with experimental
results. This research has potential applications in underwater exploration andmanipulation in
hazardous environments.

1. Introduction

Soft robotics is relatively new and unlike conventional rigid robots, themajority of the structure of the robot is
soft, where these structures are driven by either conventional actuators such as servomotors or pneumatic
motors (PM) or by using non-conventional actuators like smartmaterials such as twisted and coiled polymers
(TCP), shapememory alloys (SMA), Dielectric Elastomers (DE) etc This paper presents the design and
development of one such underwater soft robot named theQuadralimb Bot that has been shown to have the
ability to swim vertically. This robot has a silicone structure driven by 2-ply TCPmuscles 1.15mm in diameter
and 140mm in length, embedded inmodular silicone limbs 140× 60× 5mm3 that can function individually as
well as in a combinationwith other limbs. Another aspect shown in this paper is the development of a grasping
application using a single as well as a combination of twomodular silicone limbs that has the potential to be
integratedwith theQuadralimbBot (figure 1). The overall size of theQuadralimbBot is 340mm in diameter
with a thickness of 12mm. The silicone limb structure by itself as well as in a combination (QuadralimbBot) can
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produce various biomimetic shapes via differentmodes of actuation and thus are not limited to a few degrees of
freedom like conventional robots.

There have been several advancements in the field of soft robotics using different actuationmethods and
utilizing hyperelasticmaterials like silicone formany potential applications. In 2017, Almubarak andTadesse
showed distinctmorphing shapes like a caterpillar, elephant trunk andfishfins [1]. Lee et al in 2019,
demonstrated the use of free sliding SMAwires as tendons that are used in a soft gripper capable of gripping a
wide range of objects up to aweight of 1.5 kg [2]. In 2015, Rodrigue showed a similar smart soft composite
structure actuated by SMAwires for differentmodes of actuation for different lengths of the soft composite [3].
In 2020, Kumar et al showed techniques to overcome the shortcomings of SMAs such as low force, cycle time
andmaterial nonlinearity issues [4]. Recently, 4Dprinting of soft robotic structures has emerged to address the
challenges ofmultiplemanual assembly processes in soft robotics [5]. Some examples include bi-stable grippers
using thermal actuators that utilize ethanol vapor and carbon fiber as a heater for phase-changing artificial
muscles [6, 7]. Vapor-based soft actuators are impressive in terms of actuation strain, achieving up to 140% free
strain in one direction and blocking load 140 N (blocking stress 1.3 MPa), for a sample with a diameter 11.1mm,
length of 25mmandweight of 2 g, when heated at 15 V and 1 A stimuli. However, their actuation time is slower,
taking 70 s to reach peak value [8].

In 2019,Manfredi et al exhibited a novel soft pneumatic actuatorwhich exhibits four degrees of freedom [9].
In 2018, Pawlowski et al showed a physics-basedmodeling of TCAs (the same as TCP) to establish a relation
between the actuator and deformation of a soft robot [3]. In 2018, Tang et al presented amodel for recovered
torque in TCAswhich is then used to predict the deformation under varying temperatures and validated against
experimental results [10]. In 2017, Saharan andTadesse showed a relation between the fabrication parameters
and the performance of TCPmuscles [11].Wu andTadesse explored the strain sensing principle of TCP’s based
on the change in their electrical resistance [12].

There have also been significant stridesmade in the area of soft underwater robots using several different
actuators. These underwater robots in particular have been reviewed and listed in table 1 describing some of
their important properties, results, and challenges. Based on our research and findings of similar work, the use of
2-ply TCPmuscles embedded in a silicone structure for swimming and grasping is an unexplored areawhich is
whatmakes theQuadralimb Bot and the grasping applicationwe developed novel in nature. The overview of this
research is shown in the supplementary shortmovie and can also be found in the following link fromHBS lab
YouTubeChannels https://youtu.be/QYcoEAoIPMg.

Figure 1.Embedded 2-ply TCP actuators in silicone for underwater grasping and underwater swimming robots: (A) the quadralimb
bot, (B) individual silicone limb and (C) 2-ply TCP actuator.
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This work is similar to prior work [1] in terms of structure and the use of 2-ply TCP.However, this work
differs as it focuses testing the behavior of the TCP embeddedwithin silicone in an underwater environment for
grasping tasks and a swimming robot. Unlike the previous study’s which is focused on the general behavior
embeddedTCPs, this work specifically targets swimming and grasping applications. Itfirst investigates

Table 1.Amin-review of the jellyfish like robots using various actuators for comparisonwith the current work.

Authors/actuator Primary result Primary challenge

Frame et al 2018 [13]Hydraulic Conducted openwater experiments showed swim-

ming from a 5 mdepth in the AtlanticOcean. The

diameter of the jellyfishwas 210mm, and the robot

swimming speedwas 0.14 BD s−1.

Actuators are hydraulic and have lowEnergy

Density compared to other smart

materials.

Shi et al 2010 [14] SMA With 24V, obtained a top speed of 57.2mms−1 i.e.,

nearly 0.9 BD s−1.

The rigid frame can pose a problemwhile

navigating through orifices smaller than

its dimensions.

Wang et al 2017 [15] SMA Simulations show a vertical displacement of 12–16 cm

in 50 s i.e., a speed of 0.1 BD s−1.

Increase in volume causes a slight increase in

speed for amuch higher increase in cost.

Godaba et al 2016 [16]DE Avertical displacement of 180mm in 20 s is seen i.e., a

speed of 1.28 BD s−1.

Dielectric Elastomers take a huge voltage and

might not be safe in underwater opera-

tions unless sealed.

Nir et al 2012 [17] Spring The jellyfishwas able tomove at a speed of 8–20mms−1

in various directions.

The springs are bound to buckle both in their

straight and encircled configurations.

Zhou et al 2016 [18] SMS It can achieve amaximumvelocity of 111mms−1 i.e.,

a speed of 1.63 BD s−1.

The design uses a rigid bell thatmust envelop

all the components which can cause

movement issues.

Trabia et al 2016 [19], IMPC Vertical displacement of 4 cm in 10 s i.e., approxi-

mated to 1 BD s−1.

The force out of IMPC is not high compared

toTCP.

Bartlett et al 2015 [20],
Combustion

The robot autonomously jumped to 0.76mhigh and

demonstrated directional jumping up to 0.15m

where the body height is close to 0.126m

Thematerials available that can be imple-

mented in this process are limited.

Shen et al 2017 [21]Hydraulic A speed of 4.2 cm s−1 was obtained using a straight

trajectory.

There is a hysteresis effect in the actuation of

the arms.

Shintake et al 2016 [22]DE The jellyfish robot showed a swimming speed of

1.5mm s−1 and thefish robot showed a swimming

speed of 8mm s−1.

Coating the robotwith electrically insulating

material can greatly stiffen the structure.

Kim et al 2013 [23] SMA Themaximum speed of turtle-like swimming robot in

a single cycle was around 0.25 body lengths s−1.

The deformable behaviors of the SSC struc-

ture need to be addressed.

Cheng et al 2018 [24]DE The untethered robotic jellyfish has a swim speed of up

to 1 cms−1 corresponding to 0.125 body lengths s−1.

The power supply size needs to be reduced,

and its capacity needs to be increased.

Guo et al 2007 [25] IPMC/SMA Themaximum floating speed obtained is 6mm s−1

(0.13 body lengths/s).
The robot is tethered for power.

Joshi et al [26] SPC The robot (FludoJelly) has an average speed of
160mms−1. (10.67 BD s−1).

Soft Pneumatic Composite actuators (SPC)
are low in energy density.

Almubarak et al 2020 [27], SMA The robot (KryptoJelly) has an instantaneous swim-

ming speed of 60mms−1 (0.3 BD s−1).
The power consumption for SMAs is high

and longfield operation is a challenge.

Hamidi et al 2020 [28]TCP
(TCPAg)

Poly-Saora jellyfishwas able to swim180mmat speed

of 5mm s−1 i.e., a speed of 0.025 BD s−1.

The power consumption for exposed TCPs is

high and longfield operation is a

challenge.

Christianson et al 2019 [29], DE Themaximum swimming speed obtained for the

robot during tethered operationwas 1.8mm s−1

and an average of 3.2mm s−1 during untethered

operationwhich corresponds to 0.02 BD s−1.

Dielectric Elastomers take a huge voltage and

might not be safe in underwater

operations.

Matharu et al 2023 [30]fishing
line TCP (TCPFL)

The Jelly-Z robot generated a velocity of 20mm s−1

while carrying its own 215 gweight.

The power consumption of thefishing line

TCP actuators integrated in the robot

is high.

Xing et al 2023 [31]
Piezoelectric

The bionic piezo based jellyfish best achievedwas

10mms−1.

The drive voltage of the jellyfish is high for a

meaningful wireless operation.

Wang et al 2023 [32]
Electrohydraulic

A versatile Jellyfish like robot. It’s against gravity speed

was up to 6.1 cm s−1.

Thematerials used for the robot need to be

improved to improve robustness, relia-

bility, and longevity.

Matharu et al 2023 [33] SMA

Spring

SoJel 3Dprinted soft robot, bell diameter of 406mm,

weight of 687 g, showed 15mms−1. swimming

speed.

Power consumption is high up to 600 W

3

Mater. Res. Express 12 (2025) 035701 VPanchal andYTadesse



parameters affecting the behavior of embedded TCPs, optimizes them for the applications, and then conducts
performance tests.We used the terms swimming robot, underwater robot, and jellyfish-like soft robot
interchangeably to describe our robotQuadralimbBot in this paper.

2.Design and fabrication

2.1. Fabrication and training of TCPmuscles
Firstly, 2-ply TCPmuscles which are based on silver coated nylon 6,6 polymer threads are fabricated using a
standard automated fabrication procedure using aDCMotor. The process has been described in [1, 34] and in
figure 2, essentially the twisting of thefiber (typically 2.8 to 3m longfiber)was done at 300 rpm and 175 g load,
followed by coiling of the structure on its own, and folding into half to retain its twisted and coiled structure. The
next step is annealing and trainingwhich is done by applying cyclic loading and varying heating time and current
(varying power to get repeatable performance). The twisting speed and the load applied affect the performance
of themuscles, toomuch twist at higher loadmakes it break, and too small loadwillmake it snarl. The rate of
twisting affects the actuation performance which can be found in prior study by Saharan andTadesse [11]. For
example, for a 2-ply TCP fabricated at a speed of 200, 600, 1000 and 1800RPM, the strainmagnitude varies
2–3%. In our 2-ply structure, when a 0.75A current for 15 s heating time is applied at a load of 350 g, themuscle
contracts andwe obtain an average strain of 13.42%and an average resistivity of 0.447Ω cm−1. Themass of a
single actuator including two crimps is on average 0.4 g. Following the process shown infigure 2, wemade 17
suchmuscle samples.

Figure 2. Fabrication process of TCPmuscles: (A) schematic diagram. Reprinted from [34], Copyright (2022), with permission from
Elsevier, (B) schematic diagramof the twisting process of our 2-ply TCPwith aDCmotor and a deadweight of 175 g, (C) power supply
setup for 2-ply TCPmuscles, training& annealing using BKPrecision 9182 programmable power supply, under a deadweight of 350 g
and (D) training and annealing protocol.
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2.2. Fabrication of the quadralimb bot
Each limb is fabricated using a 3Dprintedmold designed specifically for a limb of a specific thickness i.e., 5mm
in this case with a length andwidth of 140mmand 60mmrespectively (figure 3(A)). Thismold has two
additional slots inwhich the trained TCPmuscles are placed parallel to each other at 10mm from the central axis
on opposite sides. The next step following this is the process of Casting. Ecoflex 30 is composed of two parts - A
andB,which are each taken by volume (30ml each) in a ratio of 1:1 andmixed thoroughly after which it is
poured into themold (figure 3(B)). Initially, half of the prepared volume is poured into themold and allowed to
cure for 30 min. Following this, a spring steel is placed at the center of themold on the semi-cured silicone
surface and the rest of the siliconemixture is poured into themold. Thismixture is then allowed to cure for an
additional time of 3 to 4 h before it is carefully removed from themold. Finally, themuscles are given a desired
pre-tensionwhich concludes with thefirst fabrication step (figure 3(C)).

TheQuadralimbBot is composed of four such silicone limbs, two polystyrene discs, a silicone bell and
connectingwires. The silicone bell is fabricated in away similar to the silicone limbswhere the total volume
taken is 80ml (40ml each of part A&B respectively). This process produces a silicone bell of thickness 0.65mm
after curing in a discmold (figure 3(F)).Moreover, the silicone limbs are placed on the partially cured silicone
bell to use the silicone itself to form a bond (glue together)during the curing process which reinforces the limbs
with the bell. The two polystyrene discs that form the central hub (figure 3(D)) are designed on SolidWorks and
fabricated using laser cutting. The pre-assembled silicone limbs (figure 3(C)) and the disc are then assembled
with the central hub, and the entire structure is then reinforced together using fasteners (figure 3(E)). Following
these procedures, the embeddedmuscles in the limbs are thenwired for power supply after which it is ready for
operation (figure 3(G)).

It is to be noted that when theTCPs are incorporated into the silicone elastomer, the silicone solidifies
around the TCPmuscles, creating an interface. However, it doesn’t form a chemical bondwith themuscles. The
TCPs are secured by the elastomer network and the unique shape of the TCPmuscles, which are larger in one
section and smaller in another in helically wound structure (figure 1(C)).

3. Experiments and results

Several experiments have been conducted to characterize the behavior of the TCPmuscles with respect to
changes in critical parameters that drive thesemuscles in order to build and establish necessary relations to be

Figure 3. Fabrication process of the quadralimbwith embeddedTCPwithin silicone elastomer.
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utilized in the development of two different applications i.e., swimming and grasping. Our focus is the behavior
under embedded conditions and environmental conditions.

3.1. TCPmuscle characterization (non-embedded condition)
TheTCPmuscle’s stiffness is determined by a deflection test using a set of standard loads i.e., 100 g, 200 g, 300 g
and 400 g. This data has been collected formusclesmade using two different spools to understand the static and
dynamic behavior. The average stiffness found for the two spools is 68.7Nm−1 and 69.24Nm−1 respectively
(figures 4(A) and (B)). The emphasis here is that there is a consistency in the stiffness of themuscles and thus
variation in this parameter can be ruled out as a reason for any variation in the behavior of the TCPmuscles due
to the polymericmaterials.

Another important experiment was conducted to investigate the relation between change in loaded strain
with respect to changing load (figure 4(C)), which is a dynamic behavior. During this experiment, the 2 -ply TCP
is actuated at 0.75 Ausing a set voltage of 20 V for a heating time of 15 s at different loads. This corresponds to an
electrical energy of 225 J. Thus, the loaded strain increases up to a certain point 300 g loadwith increasing load,
gains a peak 12.5% strain and then starts decreasing. Another interesting result gathered from this experiment is
that themuscle blocking load is at a load of 1700 g i.e. 4.85 times theweight at which it is trained and annealed.
This corresponds to 16.7Nblocking force andwhen normalized by area, the blocking stress is 16MPa.

3.2. TCPmuscle characterization (embedded condition)
Here, we performed a series of tests on themuscles embedded in siliconewith respect to changing pre-tension,
the applied voltage, heating and cooling time, frequency of actuation for fast as well as slow actuation cycles in
differentmediums. First, we clamped at one end of the siliconewith embedded TCP/Spring steel and applied
electrical input power (inset offigure 5(A)). The basic relation observed in case of pre-tension is that as the pre-
tension is increased, the degree of actuation also increases. Thus, when testing the actuation produced for a pre-
tension of 24%, 27%and 30%at an applied voltage of 10 V for a heating time of 10 swas 2.89°, 7.82° and 13.1°
respectively. The results are not shown in a plot for brevity in this article.

Figure 4.Characterization of 2 -ply TCP: (A) Stiffness found from5muscles produced using Spool 2 in a static behavior test, (B)
Stiffness found from16muscles produced using Spool 3 in a static test and (C)Dynamic actuation test to determine the relation
between change in loaded strain and applied loadwhile supplying 20V at 0.75A and 15 s heating time and 45 s cooling time.
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The next set of experiments were conducted tofind optimumoperational parameters for fast actuation
(smaller than 10 s heating) of the silicone limbwhen operated underwater.

The pre-tension isfixed at 15% for each experiment described in this section from this point on unless
mentioned otherwise.Moreover, each limb is embeddedwith a strip of spring-steel. In the next experiment, the
actuation is tested for four different applied voltages i.e., 15 V, 16 V, 17 V and 18 V for a heating time of 0.5, 0.75
and 1 s. The plots infigures 5(A)–(C) show the pattern of actuationwith the changing parameters. Based on these
results, it was concluded that an applied voltage of 18 V or higher for a heating time of 1 s or higher can give a
good degree of actuation for a swimming application.

After obtaining the previous results, another preliminary experiment was designed to investigate the voltage
at which themuscles fail for a heating time of 1 s i.e., to determine an applied voltage higher than 18 V that can be
used formore power for faster actuation at which themuscles can operate without breaking. The experimental
setup is similar to the previous case. The initial applied voltage was 15V and at each successful cycling, it was
incremented by 1V. Thefirstmuscle failed at 22V for a heating time of 1 s. The secondmuscle failed at 23V for a
heating time of 1 s. Based on these results, an applied voltage of 18V i.e., 15% lower than the breaking voltage,
was chosen as a safe operating voltage for operationwith a corresponding heating time of 1 s. Following this, the
next experiments were conducted to investigate the life cycle of themuscles in an embedded condition for the
operational parameters determined above.

Figure 5.Characterization of 2-ply TCP (Pre-Tension at 15% andResistance of 2Ω) embedded in silicone to show effect of applied
voltage and heating time on the angle of actuation of the silicone limb (embeddedwith spring steel)when tested underwater.
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Thefirst life cycle test was conducted at an applied voltage of 18 V, a heating time of 1 s and a cooling time of
3 s. Themuscles fail after 20 cycles. After analyzing the previous results, the applied voltagewas increased to
19.5V and the heating timewas reduced to 0.5 s, the cooling timewas kept constant at 3 s, thus reducing the
energy input. The limbwas actuated until failure. The plot shown infigure 6(A) represents the actuation pattern
for thefirst 252 cycles that adds up to a total period of 882 s. It can be clearly seen that after about 60 cycles, the
actuation reduces. It so happens that after a few cycles, the TCP’s begin retaining heat and the silicone acts as an
insulator, because of which themuscles do not retract back to their original position and hence the degree of
actuation reduces. The plots shown infigures 6(B) and (C) represent the actuation pattern for the time periods of
100 s to 200 s and 140 s to 160 s respectively. Figure 6(D) illustrates the variation in applied voltage throughout
the process. In this experiment, onemuscle survived 1493 cycles and the other survived 3228 cycles i.e., both
muscles survive for at least 1493 cycles that adds up to a total period of 87 min.

The failure of themuscle could be due to heat buildup and delamination. The delamination of the TCP
within the siliconemight happen due to various factors such as the stress applied, input energy or power (voltage
magnitude, duration of heating, and duty cycles), actuation frequency, and the silicone’s geometry like its
thickness and the size of its pores. In this study, a comprehensive study is not performed on themechanism of
delamination.However, we noticed that the biased displacement graph in the cyclic test shown infigure 6
suggests that heat builds upwithin the actuators embedded in the silicone. This heat could lead to the failure of
themuscles, rather than the delamination. If the pre-tension is extremely high, themusclemight protrude
laterally.

The last set of characterization experiments were conducted to investigate the effect of applied voltage and
heating time on the degree of actuation keeping slow actuation inmind, specifically for the application of
grasping. The applied voltages investigatedwere 8 V, 10 V and 12 V for a heating time of 1 s, 2 s and 3 s. Based on
the results, the optimumoperational parameters were determined to be 12 V for aminimumheating time of 3 s
that can be increased to 10 s.

Figure 6. Life cycle pattern for 2-ply TCP(Pre-tension of 12% and resistance of 3.4Ω.) embedded in a silicone limb at an applied
voltage of 19.5 V, actuation frequency of 0.29Hz, duty cycle of 14.3% for a total of 252 cycles that adds up to a total time period of 882
s. Actuation pattern during the entire life cycle (A), Actuation Pattern between 100 s and 200 s (B), actuation pattern between 140 s
and 160 s (C) and the variation in themagnitude of voltage during the life cycle (D).
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3.3. Vertical swimming tests on quadralimb
In this section, we present the results for swimming tests whichwere carried out using the experimental setup
presented infigure 7. Thefirst experimental setupwith prototype 1.0was suppliedwith an applied voltage of
15 V for a heating time of 1 s and a cooling time of 3 s for 100 cycles which is a total actuation period of 400 s. All
the limbswere actuated at the same timewith the same amplitude of voltage and phase angle. This test was
carried out in awater tank of size 70 gallonsfilledwithwater at room temperature. TheQuadralimbBot traveled
a net displacement of 45.6mm. Thus, since the displacement and velocity were very low, it was decided to
optimize the structure& operational parameters to improve performance.

In Prototype 2.0, a circular silicone bell was added at the center of the Bot using simple cable harnessing to
reinforce the silicone bell to the silicone limbs. The experimental setup is the same as the previous case. The Bot
traveled a net displacement of 110.32mmat an applied voltage of 18 V for a heating time of 0.5 s and a cooling
time of 2.5 s. Thus, the results obtainedwere a significant improvement over the previous results, however it was
decided to further optimize the operational parameters and the structure of the prototype to improve the
performance.

The third experimental setupwith prototype 3.0, its progression of swimming and its displacement versus
time plot can be seen in figures 7 and 8. Prototypes 3.0 and 4.0were fabricated using the process described in
section 2.2where the primary difference fromPrototype 2.0 is themethod of fastening the silicone limbs to the
bell. The Botwas supplied with an applied voltage of 19 V for a heating time of 0.7 s and a cooling time of 2.5 s for
100 cycles that amounts to a total period of 320 s. The Bot traveledwith a net displacement of 300mm. Thus, it is
a significant improvement over the previous results. Following this, it was decided to fabricate another prototype
and test it at the same parameters to check the repeatability of the experiment.

The fourth experimental setupwith prototype 4.0, its snapshot of the swimming and vertical displacement
versus time plot can be seen infigures 9 and 10. The Botwas actuatedwith an applied voltage of 19 V for a

Figure 7.The above shown images display the swimming performance of the quadralimbBot 3.0 for 100 cycles.

Figure 8.The plot above represents the vertical displacement of the quadralimbBot 3.0 for 100 cycles. The total vertical displacement
obtained in this experimentwas 300mmat an applied voltage of 19.5V, frequency of 0.31Hz, duty cycle of 28% (PrototypeMass –
372 g, Diameter – 340mm,Average Strain of 2-ply TCP actuators used – 11%,Net Resistance ofQuadralimbBot – 1.37Ohm, Power
Supplied - 260W).
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heating time of 0.7 s and a cooling time of 2.5 s for 200 cycles, this corresponds to a total time of 640 s. Initially,
the Botwas actuated for 100 cycles. After the 100 cycles ended, the Bot was actuated for another 100 cycles after a
slight delay which caused a loss of inertiamid-way in the Bot’s vertical displacement. The Bot traveled a total
vertical displacement of 343mm. Thus, even though the displacement improved, the velocity decreased as
compared to the previous experiment. However, primarily this experiment shows that these results are
repeatable. Thus, the operational parameters can be further optimized to achieve better performance in the
future.

3.4. Grasping tests
In this section, we present the test results for different grasping using a single limb in air as well as a combination
of two such limbs inwater using objects of varying sizes, shapes, andweights. The aimhere is to develop a
grasping application that canwork independently aswell as one that can be integratedwith theQuadralimbBot.
The initial experiments were done to test the ability of a single limb to grasp objects of varying geometries and
weights in two different orientations, curling and handling the object. Here, the objects vary in geometry from a
cylindrical to a cuboidal shape and vary inweight from2.5 g to 25 g. The objects have been grasped and held
against gravity. These experiments use an applied voltage of 12V for aminimumheating time of 3 s. Different
objects grasped by the limb can be seen infigures 11(A)–(C). The initial configuration, the intermediate shapes
whenwe turn on the power supply and thefinal actuated shapes are shown in the three columns in thefigure.
Figure 11(D) shows an object that ismounted on the structure and holding it effectively when actuated. In this
case, the curvature was high and there is no issue of slipping from the grip as the object is on the top of the skin.

Figure 9.The above shown images display the swimming verticailly up and down of theQuadralimbBot 4.0 for 200 cycles.

Figure 10.The vertical displacement of the quadralimbBot 4.0 for 200 cycles. The total vertical displacement obtained in this
experiment was 343mm in 640 s at an applied voltage of 19.5V, frequency of 0.31Hz, duty cycle of 28% (PrototypeMass−363 g,
Diameter−343mm,Average Strain of 2-ply TCPActuators used−10.56%,Net Resistance ofQuadralimbBot−1.39Ohm, Power
Supplied−258.4W).
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Itwas thendecided to test theweightholding capacity of the limb in airwhile in the vertical orientation against
gravity as canbe seen in 11(A). A redplastic cup is usedhere as a baseweight. To test differentweights, the cup isfilled
with a standard screw thatweighs 1.832 g, adding twounits of screws after each test. These testswere conducteduntil
themuscle fails. The experiment failed at aweight of 37 g and themaximumweight the limbwas able to graspwithout
failingwas 35 g.The input power supplied to themuscleswas on average 43.5W (applied voltage of 12Vandcurrent
of 3.63 A). Thepre-tension in themuscleswas 20%and the resistanceof the twomuscles embeddedwas 2.53Ω.

Theprevious experimentswere conducted in the air and thenext set of experimentswere conducted to test the
ability of a single limbaswell as a combinationof two limbs to graspdifferent objects inwater against gravity.The
grasping for oneof the objects hasbeen shown infigure 12(A). Following this, a combinationof two limbshasbeen
shown to grasp a glass ofmass 82 g (figure 12(B)). It is important tonote here that the limbs grasp andhold theobjects
against gravitywithout any support. These experiments use an applied voltage of 12V for aminimumheating timeof
3 s that canbe extendedup to10 s as needed.An experiment to test theweight holding capacity of limbs inwaterwas
not conducteddue to challengeswith respect to the experimental setup at the time.

4. Theoretical study

4.1. FEMsimulations
The limbwasmodeled onANSYS using the Yeoh 3rd ordermodel which is frequently used for hyperelastic
materials like silicone equation (1). Thematerial constants are defined as C1= 12738 Pa, C2= 709.29 Pa,
C3=−0.4565 Pa. Thematerial constants used are derived from thework done byHamidi andTadesse in 2020

Figure 11.Vertical grasping of objects in air ((A) to (C), the top three rows), gravity is vertically downward and horizontal grasping of
objects by keeping objects on the top of the skinwith a single limb is shown at the bottom row (D). The intermediate steps shown in the
second column for each row indicate the power on state (actuating themuscles) and the time variation is because we didn’t focus on
the powering time (on time), rather the holding of the object is themain goal of the experiment.
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[35]. The simulation is done using ANSYS for limbs of three different lengths i.e., 100mm, 120mm, and
140mm.

( ) ( )å= -
=

W C I 3 1
i

n

i
i

1

W is the strain energy andCi is thematerial constant, and I is the strain invariant.
The vertical deflection (VD) obtained for each case using the simulation deviates slightly from the

experimental results as can be seen infigures 13(A)–(F). Themaximumerror obtained i.e., 11% is in the second
casewhere the experimental deflection is 42mm, and the simulated deflection is 47mm. This can be clearly seen
infigures 13(B) and (E). These basic simulations help us to establish a relation between simulation and
experiment with respect to behavior of the silicone limbs under gravity with the potential to extend these
simulations to different types of actuations of the limbs in the future.

4.2. Simulations in air
The next set of simulations conductedwere to test the effect of forces applied along the silicone limb in the same
orientation and direction as applied by the embeddedTCPmuscles when tested experimentally. TheYeoh 3rd
ordermodel was used tomodel the limb that is the same as described in section 4.1. Thefixed support, the effect
of gravity, the forces applied, and themeshing can be seen infigures 14(A)–(D). The vertical and horizontal
displacement are tested for five different forces i.e. 0N, 0.5N, 1N, 2N and 3.5N shown infigures 14(E)–(I).
These are the loads at which themuscles are trained and annealed, and it can be clearly seen infigure14(I) that
the limb almost bends completely at this load. These simulations are conducted for air andwithout applying
spring steel. As expected, as the load increases, the bendingmagnitude increases as seen in the results.More
simulationwill be conducted in the future considering the spring elements aswell as varying the surrounding
medium.

5. Summary and conclusion

To summarize, this paper introduced a soft underwater robot, theQuadralimbBot that was actuated using
embedded 2-ply TCPmuscles and spring steel in a soft silicone limb. Thus, all in allmore than 90%of the
structure by volume is composed of soft structures and it has a very thin structure (12mm in thickness with
embeddedTCPmuscles) compared to other structures presented. Four different prototypes were fabricated to
carry out an experimental swimming study. The best results obtained in terms of displacementwere for the third
and fourth prototypes where theQuadralimb Botwas able to travel by a vertical displacement of 300mm in 320 s
(figure 8) and 343mm in 640 s (figure 10) respectively. Several similar underwater soft robots have beenmade
which have been described in table 1where it has been shown that different forms of actuation have been used

Figure 12.Grasping of objects inwater using a single limb at top (A) and two limbs bottom (B), demonstrating the capture and release
of two objects inwater.
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such as SMA’s, hydraulic and pneumatic actuators, DE’s, IPMC’s, whichmakes the use of 2-ply TCPs embedded
in silicone for actuation one of a kind.Moreover, 2-ply TCP actuators are quiet, inexpensive, have a high energy
density (5.3 kWkg−1 [1, 36]) and can be tailored using various parameters to produce desired shapes depending
on the application.

A test on the 2-ply TCP showed that a strain of 12.5% at an optimum load of 330 g (2.9 N) and amaximum
blocking force of 1.67 kg (16.7N)when energizedwith 225 J of electrical energy. The paper also introduced a
grasping application (figure 11) using the silicone limbs embeddedwith 2-ply TCPmuscles. A single limb aswell
as a combination of two limbswere shown to graspfive objects, typically cylindrical and cuboidal shapes, and
where themaximumgraspingweight in air was 35 g (0.34 N). Even though the load capacity is low, the structure
can conform to irregular objects for delicate grasping and holding.Moreover, the research has shown various
characterization results for the 2-ply TCPmuscles with respect to critical parameters like the pre-tension,
applied voltage, heating time and the frequency of actuation for both slow aswell as fast actuation. These
characterization tests helped infinding the optimumparameters for the swimming operation of theQuadralimb
Bot as well as for the grasping application that can be potentially integratedwith theQuadralimbBot in the
future. Another important part of this paper is themodelling of the silicone limbs under the effect of gravity
usingANSYS using Yeoh’s 3rd ordermodel to develop a relation between experiment and simulation (figures 13
and 14).With further work, these simulations can be extended to replicate differentmodes of actuation for a
single limb aswell as theQuadralimbBot.

Our primary purpose herewas to create a biomimetic jellyfish like soft robot that utilizes 2-ply TCPmuscles
for swimming and grasping applications. Alongwith understanding, characterizing, and optimizing critical
parameters that significantly affected the 2-ply TCP’s operation keeping both slow and fast actuation inmind.
We also focused on developing a soft robotic structure inspired by a jellyfish that could harness the actuation

Figure 13. Simulations to show effect of gravity on a silicone limb in air shown in (A)–(C)which has been verified by experiments
shown in (D)–(F) respectively.
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produced by the 2-ply embedded TCPs inwater to its full potential. Thus, alongwith a change in critical
parameters, an improvement in the structure of the robot also had an impact in delivering a better performance
fromPrototype 1.0 to Prototype 3.0 and Prototype 4.0.

Our primary aim for futureworkwill be to further optimize the critical parameters and the robotic structure
to improve performance with respect to swimming andmake it quantifiable aswell asmulti-directional.
Moreover, we aim to incorporate 3D and 4DPrinting for the fabrication of our soft robots, similar towhat has
been shown byMohammadi et al in 2023 [6] andZolfagharian et al in 2023 respectively [7]. Such techniques can
provide a lot of additional consistency and uniformity in the structure of the soft robots in addition tomaking
the entire processmore streamlined. Another important stepwould be to introduce an onboard battery, wireless
communication andmake the robot completely untethered. The addition of an onboard camera alongwith
different sensors tomonitor environmental parameters will be a significant potential improvement. Another
aimwe have inmind is to integrate the swimming and grasping functions and give theQuadralimbBot the
ability to grasp different objects in its environment. Such a robot has several practical applications such as the
exploration of toxic and dangerous environments where humans cannot enter, exploration of constricted areas
where traditional ROV’s cannot bemaneuvered, or they can bemounted in underwater vehicles as an
attachment for grasping certain items They can also be used in the study of aquatic organisms due to their soft
nature and quiet operation.
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Supplementarymovie

The overview of theQuadralimb, grasping in air, inwater and swimming behaviors of the different prototypes
can be found in the supplementary file submitted. This video shows the actuation of a structure consisting of

Figure 14. Simulations to show effect of applied forces on a silicone limbunder gravity in air. The simulated results for the horizontal
displacement shown are numerically similar for experiment in air (VD=Vertical Displacement andHD=Horizontal
Displacement).
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2-ply TCPmuscles embeddedwithin silicone skin referred to as single limb. The single limb is used tomake a
gripper using two structures and grasping of object in air andwater are shown. In addition, theQuadralimb Bot
characterizations are shown, andwe evaluated four prototypes experimentally.
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