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Abstract
This paper proposes the bioinspired soft frog robot. All printing technology was used for the fabrication of the robot. Polyjet 
printing was used to print the front and back limbs, while ultrathin filament was used to print the body of the robot, which 
makes it a complete soft swimming robot. Dual thrust generation approach has been proposed by embedding the main muscle 
and antagonistic muscle in all the limbs, which enables it to attain high speed (18 mm/s), significant control to swim in dual 
mode (synchronous and asynchronous modes). To achieve the swimming motion of frog, four SMA (BMF 300) muscle wires 
were used. The frog robot is named as (FROBOT). The hind limbs are 60 mm long and 10 mm thick on average, while the 
front limbs are 35 mm long and 7 mm thick. Model-based design and rigorous analysis of the dynamics of real frogs have 
allowed FROBOT to be developed to swim at a level that is remarkably consistent with real frogs. Electrical and mechanical 
characteristics have been performed. In addition, the test data were further processed using TRACKER to analyze angle, 
displacement and velocity. FROBOT (weighs 65 g) can swim at different controllable frequencies (0.5–2 Hz), can rotate in 
any direction on command from custom built LabVIEW software allowing it to swim with speed up to 18 mm/s on deep 
water surface (100 cm) with excellent weight balance.
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1 Introduction

Soft robotics is incipient research area with wide range of 
new applications such as fully integrated soft octobot, octo-
pus robot [1], worm robot [2, 3] and soft multi-comotion 
microbot [4]. For under water exploration, inspection, obser-
vation and rescue developing swimming robots with intrinsi-
cally soft materials and achieving flexibility with numerous 
degrees of freedom in their motion, have gradually attracted 
the attention of bionics [5]. Soft robots are expeditiously 
discovering new perspectives of typical robotic actions for 
instant, locomotion quickness in manipulation, clutching, 

morphing, self-healing and so on [6–11]. Soft robotics has 
a new directions with vast exploration of underwater life 
with close interactions using biomimetic creatures, which 
are capable of athletic swimming maneuvers [12–14].

The frog-inspired robots have acquired an excellent value 
due to frog’s amphibian nature. Currently, many experimen-
tal-based studies on frog-inspired swimming and jumping 
robots based on modeling analysis and swimming mecha-
nism have been reported [15–17]. These robots are relatively 
large in dimensions, complex in design aspects and a bit 
heavy, which makes robots relatively impossible to actually 
realize the swimming and jumping mechanism [6].

Recent advancements in intelligent materials have made 
easy for their use as soft actuators due to their distinct 
and matchless soft characteristics [14]. For instant, shape-
memory alloys materials have been at front end for last 
few years due to its characteristic of lacking in mechani-
cal parts [18] or the capacity to upgrade the mechanical 
movables with the application of current with different 
rating relevant to dimensions of SMA used [19, 20] The 
intelligent material such as SMA [13, 14, 21] has made it 

 * Afaque Manzoor Soomro 
 afaquemanzoor@gmail.com

 * Kyung Hyun Choi 
 amm@jejunu.ac.kr

1 Department of Mechatronics Engineering, Jeju National 
University, Jeju 63243, South Korea

2 Department of Electrical Engineering, Sukkur IBA 
University, Sukkur 65200, Pakistan

http://crossmark.crossref.org/dialog/?doi=10.1007/s42235-022-00321-x&domain=pdf
http://orcid.org/0000-0002-0352-9319


924 A. M. Soomro et al.

1 3

possible for soft robots to become much capable of fol-
lowing animal movements. However, conventional stiff 
mechanical systems for robots are complex and it is more 
difficult to develop miniaturized mechanical systems to 
achieve desired animal motion in under water environ-
ments. SMAs are mostly available in wires, pipes, springs 
and ribbons types [14, 16].

In literature, numerous soft robots have been developed 
enabling proprioception based on shape memory alloy actua-
tors [17, 22]. One of the SMA-based soft robots is devel-
oped which uses micro meter range diameter SMA wire as 
an actuator, in concurrence with fully 3D-printed hand for 
prosthesis application, it is light weight with flexible geo-
metrical shape to attain silent movements [23–27]. Another 
interesting development is earthworm soft robot with fluid-
filled structure surrounded by muscular body which behaves 
more likely as real earthworm. This soft robot is mainly built 
with two viscoelastic silicon rubber elements which imitates 
a constant volume hydrostatical structure [13] causing peri-
staltic locomotion using radical twisting and bending of soft 
hydrostatical elements [28]. These hydrostatical elements 
are being energized through applying pressure to spring-
shaped SMA wires [3, 5, 29–34]. Recently a soft actuator 
is also developed to achieve an autonomy in soft fish robot 
which is energized by an on board power source [8]. The 
modeling and fabrication of this robot reflects the robot per-
formance with swift responses [8, 15, 35]. The frog, among 
other aquatic organisms, has a crucial attribute for not only 
excellent swimming, these hydrostatic segments, but it can 
also walk on land. However, designing a robot with soft 
materials for an underwater environment is rather difficult 
[16, 36, 37]. On other end, dielectric elastomers [7], a class 
of electroactive polymer, are used for actuation mechanism 
for different soft robots [38, 39], these are sandwich-like 
structure with elastomer membrane between two compliant 
electrodes [7]. These elastomers then behave as electrome-
chanical transducer; when applying voltage on compliant 
electrodes, an attractive electrostatic force suppresses the 
membrane resulting the thickness reduction and area expan-
sion of the membrane [6, 18, 40–42].

Herein, we propose the design, fabrication and characteri-
zation of frog robot (FROBOT) that is capable of swimming 
underwater in synchronous and asynchronous modes. The 
robot was designed by printing its muscle wires embedded 
front and back limbs using PolyJet printing process. Whereas 
the body of the robot was printed using custom-made multi-
header printing system which also placed the muscle wires 
during the printing phase. Dual thrust approach was imple-
mented which enabled the FROBOT to swim in both modes 
with the maximum speed of 18 mm/s at 1.5 Hz. The rigorous 
analysis, such as of angle of actuation, displacement and 
velocity curves was performed and compared with that of 
real frog swimming dynamics. Nature-inspired experimental 

setup was also designed which was fully controllable using 
in-house made software. The proposed robot showed 
remarkable consistency in biomimicking the real frog loco-
motion with the power supply of 5 V 1A.

2  Experimental

A custom-made fully controllable setup was developed for 
the experimentation demonstration of the fabricated FRO-
BOT. An artificial transparent glass tank with volume (1 × 2 
× 1  m3) was infilled with water up to 75% of its maximum 
capacity. It was decorated with the artificial grass and plants 
to significantly mimic the real frog swimming environment. 
The weight of FROBOT was 130 g. Before the printing of 
the robot, the buoyancy effect was critically analyzed and 
different necessary weights at different points were added at 
the modeling phase after considering the possible hindrances 
of connecting wires. This enabled the printed robot to bal-
ance its weight under water without further calibration. For 
the provision of power to the robot, ultra-thin wires were 
used which added negligible obstacle to the swimming. The 
muscle wires in of different diameters (0.1, 0.15, 0.2 and 
0.3 mm) were purchased from SMARTWIRES. After the 
performance characterization of all these four muscle wires, 
all the experiments were carried out using 0.3-mm-diameter 
wire. The stimulation for the actuation was done using 5 V, 
1A power supply, which could easily rise the temperature 
of wire to 70 °C (austenite temperature). Figure 1b shows 
the detailed schematic of the setup. The current driver cir-
cuits were used to provide the power using controlled pulse 
width modulation (PWM) generated by myRIO board. The 
entire setup was directly controlled and monitored using the 
custom-made LabVIEW Software (Version 2019). The user 
can monitor the temperature robot’s limbs, tank water, real-
time videos recorded using two high-definition camera, heat 
distribution using IR thermal camera.

2.1  Fabrication Process

The fabrication of FROBOT was done using multi-step all-
printed technology. For the functionally responsive front 
and back limbs, the polyJet printing was used. This process 
uses ultraviolet (UV) radiation to cure sprayed acrylic pho-
topolymer layers. The jetting head is formed by a matrix of 
jetting orifices disposed along the Y axis and is mounted on 
a carriage that allows for X forth-and-back displacements 
and alternate transverse (Y) relocations. Additionally, the 
manufacturing tray can move in the vertical (Z) direction, 
after each layer has been successfully manufactured. As 
shown in Fig. 1a, the first half part of all four limbs were 
printed which then were brought to custom-made multi-
header printing system which inserted the muscle wires 



925Bioinspired Multi‑material Polyjet‑printed Frog Robot for Synchronous and Asynchronous…

1 3

and necessary connections and sent back to PolyJet printing 
setup which printed the second half of the limbs. In parallel, 
the body of the frog robot was printed using multi-header 
system. Herein, ultraflex filament (BLACKMAGIC3D, 
1.75 mm) was used. The system was loaded with a CAD 
model of proposed robot design, which was fully optimized 
using simulation and mathematical work, as carried out in 
our previous work. The high-definition camera included 
with the printing system was used to continuously monitor 
the entire operation. The introduction of feedback sensors, 
including imaging devices, helped to prevent printing errors.

3  Results and Discussion

The Anura, like RANA Esculenta, served as an inspiration 
for the design of the FROBOT (semi-aquatic frog). This 
infers that the proposed robot must be soft, bioinspired and 
follows the swimming mechanism. Like the natural frog, 

which swims by its contraction and expansion of different 
muscles for effective and controllable swimming, the FRO-
BOT follows the same by using dual-thrust approach. The 
thrust motion was intended to continuous swimming of the 
FROBOT by exploiting the dual muscles embedded inside 
each limb. The main muscle develops the thrust (abrupt) 
force necessary for the action force for water. In return, 
the fluidic friction of water pushes the robot in the forward 
direction. Similarly, in order to relax the limb, the second 
muscle is activated which produces the negative force for 
dragging the limb to its original position. Moreover, for this 
force generation, it was made sure that both muscles are 
not simultaneously activated; there must be significant delay 
which will protect the muscles life, in addition to attaining 
maximum swimming speed. For making a complete soft 
robot, polyJet and fused deposition manufacturing printing 
techniques were used. The functionally responsive front and 
back limbs of the frog were printed using PolyJet system. 
The printing process using PolyJet system is explained in 

Fig. 1  a Step-by-step FRO-
BOT manufacturing process, b 
Schematic of the experimental 
equipment. Here, we monitor 
the experiment using two high-
resolution imaging devices, a 
thermal imaging camera that 
monitors real-time temperature, 
and myRIO, which monitors 
and controls the entire setup
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detail in supplementary data. Just after the bottom layer 
printing of the limbs, it was moved to multi-header system, 
which was pre-calibrated to place the muscle wires and make 
necessary connections. Afterwards, the second layer was 
printed. In parallel, the body of the FROBOT was printed 
using the same multi-header system with ultraflex filament. 
In the end, all parts were connected using the soft glue and 
left in room temperature, till it was completely bonded.

In the proposed design, two degrees of freedom were 
added: the knee joint and the flipper joint. In each limb, 
there are two muscles. Figure 2 shows the actuation mecha-
nism of FROBOT. The main muscles are responsible for 
the drag forces, while the antagonistic muscles create the 
lift force and enable the limbs and flippers to return their 
original positions. The sequential control of these muscles 
are time-bound and are activated when the other muscles 
are off. A deliberate delay of few hundred milli seconds has 
been added in the software to ensure the settling of each 
muscle wire.

In order to make sure, the muscle wires get the required 
heat level and the overall body of the frog is not damaged. 
The thermal characterization was carried out using IR 
thermal camera (FLIR ONE), S1Movie. Figure 3a shows 
the images taken from the video captured by high-defi-
nition imaging device. On the application of voltage to 
the FROBOT, the current starts flowing which causes the 
temperature to rise. A gradual increase in the heat can be 
seen in both, the front and back limbs. As a result of the 
muscular wires being imbedded in the limbs, the tempera-
ture increase may appear to be intermittent, but it really 

takes time for the limbs to reach their maximum tempera-
ture. The FROBOT gains an advantage from this as well 
because it has no discernible impact on the temperature of 
the water in which it swims.

The selection of a specific muscle wire with diameter 
plays important role, such as the thrust generation, tem-
perature rise and resistance of the wires at specific time. 
For this, three muscle wires with diameter of 0.1, 0.2 and 
0.3 mm were heated using 5 V 1A supply. As shown in 
Fig. 3b, the wire with 0.3 mm has relatively better heat-
ing response and proves to be better candidate for precise 
control of the speed and its ability for long life. Moreover, 
Fig. 3c shows the temperature response of 0.3 mm muscle 
wire against different current supply. Based on the results, 
1A, being the better supply was selected. Resistance of 
the muscle wire, in addition to the temperature, was used 
for the feedback, which enabled the control of speed and 
direction of the swimming (asynchronous swimming). Fig-
ure 3d shows the resistance response of different muscle 
wires against increase in the temperature. Although there 
is not a big difference in the resistance variations, yet the 
muscle wire with diameter of 0.3 mm has significantly 
stable response.

Moreover, the simplified model inspired from natural 
frog is shown in Fig. 2b. Three angles at the back limbs 
(hip joint, knee joint and flipper joint) play a significant 
role in the swimming of the frog. However, for the design 
of FROBOT, the model was deliberately kept simple with 
ignoring the hip joint which could have added more com-
plexity to the mode. For the front limbs, only one angle of 

Fig. 2  Working mechanism; top 
left figure displays actuation 
pattern for synchronous swim-
ming, top right figure displays 
model of absolute and relative 
positional taking into account 
center of mass and absolute 
frame points, and bottom right 
figure displays dual approach 
of thrust generation with full 
stroke operation (S1 and S3 are 
the main muscles for lift force 
generation, S2 and S4 are the 
antagonistic muscles responsi-
ble for drag force generation)
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limb joint was considered. The force exerted by each limb 
is dependent on the velocity of exertion as given in Eq. (1).

F
limb

 being the maximal isometric force of each limb; V
limb (t) 

the instantaneous actuator force; Vmax the maximal speed of 
the actuator; V

limb(t) the instantaneous actuator speed; and G the 
shape factor ¼ 4. The length of the actuator has little influence 
on force production, and the viscoelastic behavior of attach-
ment structures is not taken into account. Full-scale actuator 
activation occurs gradually and smoothly (as modeled by a sine-
function) and takes 0.02 s. The active state decreases similarly 
across the time period that corresponds to the final 10% of limb 

(1)F
limb

= F
max

V
max

− V
limb(t)

V
max

+ GV
limb(t)

extension. Numerical forward dynamical modeling of a single 
kick is performed (Euler integration).The general equation of 
motion used for both body and feet is discussed by Eq. (2).

‘mass’ being the representative mass; a(t) the instantaneous accel-
eration of, respectively, body and feet; F

limb (t) the instantaneous 
force of the actuator given by (2); and F

resistive
 the force acting 

against the movement of body and feet, respectively. Quantifying 
the locomotor forces that swimming animals experience is a dif-
ficult undertaking since it is difficult to directly measure the forces 
that are delivered to the aquatic medium. Frogs move through the 
water by using their hindlimbs in unison, which results in high 

(2)mass.a(t) = F
limb(t) + F

resistive

Fig. 3  a Thermal characterization sequential images taken from 
Smovie1, b temperature change of muscle wire (with 0.1, 0.2, 
0.3  mm diameter), c temperature response against different current 

supply with voltage being constant, d resistance vs temperature of 
muscle wires with different diameters
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mobility and propulsive efficiency. The following equation is used 
to determine the drag force acting on the body.

(3)F
DB

=
1

2
× � × C

D
× A × V

2

B

Here, � denotes the density of water, C
D

 : represents the 
coefficients of drag force, projected area is denoted by A, 
whereas C

D
 is the velocity of the body. Moreover, the result-

ant velocity is given by the following equation.

(4)V
RES

=

√

V
2

R
+ V

2

NET
+ 2 × V

R
× V

NET
× cos�

Fig. 4  a Force generation of 
four limbs (front and back) of 
the proposed FROBOT, b drag 
and lift forces generated by the 
FROBOT one complete stroke, 
c relaxation capability of back 
and front limbs, d angle actua-
tion against time at two points 
(knee joint and flipper joint of 
back limb), e angle actuation of 
front and back limbs in a stroke, 
f speed of the robot at four dif-
ferent frequencies (0.5, 1.0, 1.5, 
2.0 Hz)
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Drag force acting on leg segments is denoted by F
DL
.

It is highly pertinent to determine the force each limb 
generates, which can help to predict the overall swimming 
performance of robot. For this, a setup was prepared where 
the each limb was attached to a shaft coupled with load cell. 
The sensor was interfaced with myRIO, which logged the 
real-time data after every pre-set sampling time. The pro-
cess is given in Figure S1. The front limb could create a 
force of 0.8 N, as illustrated in Fig. 4a, whereas the highest 
force produced by each back limb was 0.135 N. The robot 
produced a combined force of 0.4 N. The drag and lift forces 
produced by the rear limb during a full stroke are seen in 
Fig. 4b. The robot could only produce a maximum drag force 
of 0.25 N and a maximum lift force of 0.08 N. Throughout 
this experiment, a 5 V/1A power source was used. Due to the 
fact, the muscle wires are actually shape memory alloy. They 

(5)F
DL

=
1

2
× � × C

D
×

n
∑

1

V
2

RES
× cos(� − �) ×

(

(b − a)

c
× r

i
+ a

)

× Δr

(6)� = Sin
−1

(

V
R

V
RES

× sin(�)

) retain some energy which resists them to completely return 
to their initial state. For this Fig. 4c shows the relaxing abil-
ity of front and back limb. In the initial few cycles of opera-
tion, the limbs return to the ~ 90% of the initial state, how-
ever, as the cycles increase the returning ability decreases. 
Figure 4d shows the angle actuation at two specific points 
(knee and flipper joints) of back limb. The maximum angle 
at knee joint reached to 45°, while in case of flipper it was 
20°. Moreover, Fig. 4e further analyzes the angle actuated 
by front and back limbs. The average angles generation by 
back limb and front limbs were from 80° to 180° and 80° to 
145°. The second of the stroke represents the returning of 
the limbs, which cause the angle to be reduced.

The fabricated robot was then tested in real-time experi-
ments. The nature-inspired setup was prepared with full 
control using the custom-made software. The swimming 
experiment was divided into synchronous and asynchro-
nous modes. Further in the later mode, turning right and 
left was performed. First the FROBOT was tested under dif-
ferent operating frequencies (0.5, 1.0, 1.5 and 2.0 Hz). The 

Fig. 5  Continuous frames taken from videos of turning right and its PWM signals for each muscle wire (top left), FROBOT turns left (top right), 
synchronous swimming (bottom left), custom-made software with monitoring and control features (bottom right)



930 A. M. Soomro et al.

1 3

application of frequency was pre-calibrated in the software 
using PWM signals. As the muscle wires are highly depend-
ent on the temperature, which enables the robot to swim 
at different speeds under different frequencies. Figure 4f 

shows the maximum achieved speed of 18 mm/s was at 
1.5 Hz. However, increasing the frequency beyond led to 
only 13 mm/s. As in such case, all the experiments were 
performed at 1.5 Hz, until mentioned exclusively.

Fig. 6  Comparison of swimming behavior of proposed FROBOT 
and real frog; displacement and velocity at five points; ankle joint, 
flipper end point, front limb joint, frog’s head and knee joint of a–e 

FROBOT, f–j real frog, h the images of FROBOT and real frog with 
tracked vector points in TRACKER software
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Figure 5 shows the PWM waveforms used for controlling 
the FROBOT in the respective mode. In the asynchronous 
mode (turning right), S1 was kept activated while S2 deac-
tivated. However, after the deliberate delay of few milli sec-
onds, the S3 was activated to control the direction. Further-
more, the concept of turning right or left was inspired from 
the two-wheel line following robots, in which, specific wheel 
is turned off, in order to move in the direction of blocked 
wheel. Following the same approach, in the case of turning 
right, the right limb was deactivated. However, from the 
practical observation, activating the right limb for the period 
of 20% duty cycle improved the stability of the robot signifi-
cantly. Similarly, for turning left, S3 was activated, while S1 
activated only for 20% duty cycle. During the whole experi-
ment, the feedback from IR gun for temperature measure-
ment, thermal camera, resistance of the muscle wires and 
angle of actuation worked as the feedback for the controlled 
to enable robot swim efficiently. However, for the synchro-
nous swimming, the control was quite simple; S1 and S3 
were activated at the same time, while with some delay the 
antagonistic muscle wires were activated to create the lift 
force. The bottom right picture in Fig. 5 shows the software 
that was developed using LabVIEW 2019 and interfaced 
with myRIO. The user has the liberty to intuitively select 
the swimming modes, frequency, real-time imaging (thermal 
and two high-definition cameras) and sensors data. Moreo-
ver, all the data were also logged to the computer.

The analysis of swimming locomotion of the proposed 
FROBOT plays significant role. The swimming pattern must 
effectively mimic the real frog. For this, the results of the 
proposed robot were critically compared with that of the 
real frog. This was made feasible by using a high-definition 
video of an actual frog for the study. The two-dimensional 
kinematics were digitally processed to produce video on the 
large processing device. While the video was framed quickly 
(at 250 frames per second). The goal was to statistically 
evaluate both the swimming of a manufactured robot and the 
position and velocity at a certain spot on the body of a real 
frog. For this, five points: ankle joint, flipper end point, front 
limb joint, frog’s head and knee joint, were targeted. In the 
initial stage, vector points were used to automatically trace 
each frame. Direct linear transformation (DLT) was used in 
the second step to manually adjust the cleaning of the traced 
frames, preventing any unintended parallax inaccuracy in 
the data. After cleaning, the data had a median residual 
error of 0.35 mm. Due to the enormous amount of frames, 
only 7 s of the projected FROBOT video and 2.5 s of the 
actual frog were captured. Figure 6a–e shows the displace-
ment and velocity curves of performed experiment. Whereas 
Fig. 6f–j shows that of real frog. The position change curves 
in FROBOT and real frog are increasing with almost linear 
displacement change. The drag and lift forces that the robot 
experiences during a power stroke are related to the rise and 

fall of this wave's amplitude. It is worth-mentioning that the 
swimmings gaits are almost similar to that of the real frog. 
However, the speed is a parameter which is quite slow if 
compared with the real frog. This is due to the limitation of 
muscle wires, which take significant time to heat up and then 
release the time. Due to such case, the operating frequency 
was limited to 1.5 Hz. The speed was also limited due to 
opposing forces created by the connecting wires. Even when 
very tiny wires were employed, their impact was neverthe-
less felt. Additionally, the suggested robot showed a velocity 
peak of 2.75 mm/s, when the real frog's velocity peak was far 
greater at 18 mm/s. Furthermore, the robot moved 9 mm in 
7 s, which is far less than the real frog, which moved 16 mm 
in just 2.5 s. The velocity increased and decreased in step 
with the magnitude, reaching a maximum peak of 2.75 mm/s 
at 3 s. This may be the result of the positive force created 
by the water disturbances caused by the drag and lift forces 
of the flippers. Figures 6h and S1 show the images of FRO-
BOT and real frog with tracked vector points in TRACKER 
software. Moreover, swimming comparison of FROBOT and 
real frog is shown in Figure S2.

4  Conclusion

We propose the design, fabrication and characterization of 
frog robot (FROBOT) that is capable of swimming underwa-
ter in synchronous and asynchronous modes. The robot was 
designed by printing its muscle wires embedded front and 
back limbs using PolyJet printing process. Whereas the body 
of the robot was printed using custom-made multi-header 
printing system which also placed the muscle wires during 
the printing phase. Dual thrust approach was implemented 
which enabled the FROBOT to swimming in both modes 
with the maximum speed of 18 mm/s at 1.5 Hz. The rigorous 
analysis of angle of actuation, displacement, velocity curves 
was performed and compared with that of real frog swim-
ming dynamics. Nature-inspired experimental setup was 
also designed which was fully controllable using in-house 
made software. The proposed robot showed remarkable con-
sistency in biomimicking the real frog locomotion with the 
power supply of 5 V 1A. Moreover, according to the find-
ings, the FROBOT is a promising candidate for bioinspired 
environmental monitoring.
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