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Abstract
Inspired by the simple yet amazing morphology of the Octopus, we propose the design, fabrication, and characterization of 
multi-material bio-inspired soft Octopus robot (Octobot). 3D printed molds for tentacles and head were used. The tentacles 
of the Octobot were casted using Ecoflex-0030 while head was fabricated using relatively flexible material, i.e., OOMOO-25. 
The head is attached to the functionally responsive tentacles (each tentacle is of 79.12 mm length and 7 void space diameter), 
whereas Shape Memory Alloy (SMA) muscle wires of 0.5 mm thickness are used in Octobot tentacles for dual thrust genera-
tion and actuation of Octobot. The tentacles were separated in two groups and were synchronously actuated. Each tentacle 
of the developed Octobot contains a pair of SMA muscles (SMA-α and SMA-β). SMA-α muscles being the main actuator, 
was powered by 9 V, 350 mA power supply, whereas SMA-β was used to provide back thrust and thus helps to increase the 
actuation frequency. Simulation work of the proposed model was performed in the SolidWorks environment to verify the 
vertical velocity using the octopus tentacle actuation. The design morphology of Octobot was optimized using simulation 
and TRACKER software by analyzing the experimental data of angle, displacement, and velocity of real octopus. The as-
developed Octobot can swim at variable frequencies (0.5–2 Hz) with the average speed of 25 mm/s (0.5 BLS). Therefore, 
the proposed soft Octopus robot showed an excellent capability of mimicking the gait pattern of its natural counterpart.
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1  Introduction

For improved human–robot interaction and usefulness of 
the robots outside of the industrial environment, the robots 
must be robust, adaptable to variety of environments, and 

reachable to various types of rough environments. Nature 
presents enormous number of such creatures who possess 
the above-mentioned attributes. Such attributes help them 
to remain safe and survive through the toughest situation. 
Researchers have put reasonable efforts in designing and 
development of various soft robots inspired from the natu-
ral beings. Soft robots unlike the conventional hard robots 
use the compliant materials for the robot parts. It is widely 
considered for different applications in a variety of areas like 
robotic muscles, climbing robots, edible robots, wearable 
robots, and prosthetic robots. Soft robots operate in a safe 
way, often outperforming rigid-link robots in safety [1–4].

As in literatures, many complained that structured robots 
have been developed to date which interact with unknown 
environment using the unique features of compliant mate-
rials which also is a multi-disciplinary field and referred 
to as robo-physics [5–7]. Among many, some of the recent 
studies in this field are micro/millimeter-scale devices 
which offered the satisfactory demonstration in terms of 
environmental adoptability and better reachability. The 
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gait patterns for these devices include crawling, jumping, 
swimming, and hopping, etc. Unluckily these robots did 
not exhibit the robustness in terms of shape changing since 
they used non-compliant or partially rigid parts. In the same 
way, dielectric elastomer-based swimming fish was designed 
which mimicked the undulating motion approach demanding 
higher voltage up to 3 kV for locomotion [8]. Additionally, 
all of the soft robots creating bio-inspired systems that are 
able to walk, crawl, jump, roll or swim [9–11] fall under 
one actuation methods used for soft robots such as fluidic 
actuation [2, 12, 13], which uses pressurized fluids and fluid 
filled chambers, dielectric elastomer actuation [14–17] that 
work based on the induction of deformation due to electric 
field, pneumatic actuation [8, 18–20] and it utilizes the air 
pressure to actuate, SMA-based actuation [21–23] which 
makes use of memory feature of the SMA wire. Actuation 
methodologies also contain magnetorheological, and Shape 
Memory Polymer (SMP)-based actuation techniques.

Recently, soft robotics has focused on new and demand-
ing paradigm of underwater exploration and monitoring 
using biomimetic actuators which paved the way for simple 
structured robots equipped with better adoptability, effi-
ciency, and reachability [5, 6, 24]. This was achieved by 
mimicking the morphology of natural creatures as closely 
as possible by approximating their natural gait patterns with 
theoretically infinite degree of freedom offered by soft actua-
tors [7, 25, 26]. The detailed underwater exploration and 
monitoring was made possible by the design of the underwa-
ter robots along with better understanding and interpretation 
of biomechanics and close control of underwater creatures 
[27, 28]. One of the recent studies on design concepts and 
kinematic model for soft aquatic robot is given in [29]. In 
the mentioned study, kinematic model is developed to char-
acterize the motion which enables precise position feedback 
using strain gauges. Additionally, another study is done in 
[30] which presents a flexible-bodied underwater glider. A 
robust hydrodynamic shape for the vehicle under the internal 
liquid pressure is achieved with the help of flexible cover-
ing. To verify the performance of motion characteristics, 
sea trials were conducted. The results demonstrated that 
the as-developed flexible-bodied glider performs better in 
practice. Furthermore, with the help of underwater soft 
robots, researcher can record and analyze the tiny details 
and closely monitor the natural behaviors of underwater 
species. Because capturing good-quality images and videos 
underwater can help scientist discover many realities and 
the response of the underwater species would be real when 
interacting with biomimetic soft robot [31]. In addition, for 
designing a robot for underwater monitoring is quite chal-
lenging since it involves many things like water mechan-
ics, fluid–solid interactions and propulsion mechanism 
for enhanced robustness and improved performance of the 
soft robot [28, 30, 31]. Among vast number of underwater 

species, octopus presents effective trait of being completely 
soft creature possessing the attributes like better reachability 
and adoptability [32, 33]. The mechanism which octopus fol-
lows for swimming is quite different from the other marine 
species. It creates the thrust by expelling a jet of water from 
the mantle through its siphons. It also possesses the property 
of contracting and expanding its muscles to fit in the irregu-
lar and undetermined environment. In the past, much efforts 
have been made to mimic the morphology of the octopus and 
one such study is present in [34]. The study mainly focused 
on to achieve the actuation of octopus tentacle using the 
SMA springs in the tentacles of the octopus. Most of the 
studies are based on hard systems like gears and motors, 
which leaves a space for robots that should be completely 
compliant and effectively mimicking the morphology of the 
real octopus.

In this paper, the locomotion and gait pattern of the octo-
pus for obtaining the synchronous swimming was gained 
using the antagonistic SMA muscle wires (SMA-α and 
SMA-β) which actuate at 70 0C for actuations, Ecoflex-0030 
[35] having shore hardness level of 5 [36] for casting the 
Soft Octobot tentacles, and OOMOO-25 for casting head 
of Octobot. The design of the molds for Octobot was made 
in 3D designing software called SolidWorks 2018. Each of 
the 8 tentacles having the length of 80 mm and diameter 
of 8 mm was casted using the 3D molds (Fig. S2) in four 
steps. First, molds were designed, and 3D printed, second 
the compliant material was prepared and casted for 2 h, third 
SMA Antagonistic muscle wires (BMF 150) were trained 
to required shape, and forth, the trained SMA muscle wires 
were installed followed by full curing of the compliant ten-
tacle material as shown in Fig. 1a–d respectively. Octobot 
head is simply casted using the dye shown in Fig. S2. Addi-
tionally, rigorous simulation work is done for analyzing the 
surface velocity generated by the locomotion of the Octobot 
tentacles in two sets (each set contains four tentacles) and 
strain produced due to contraction and expansion SMA mus-
cle wires. It was ensured that the proposed design effectively 
copied the natural octopus gait pattern. The, here developed, 
Octobot was controlled by pulse width modulation signal 
using Arduino nano which is programmed through in-house 
made LabVIEW software. The PWM pulse applied through 
LabVIEW custom-made software heats the SMA muscle 
wire up to 70 °C causing the locomotion of the Octobot 
tentacle for thrust generation as shown in Fig. 1e. To bring 
the SMA muscle (SMA-α) back, another SMA muscle wire 
called SMA-β is installed to provide antagonistic mechanism 
alongside the natural cooling process. Following the antago-
nistic mechanism, the Octobot successfully demonstrated the 
synchronous swimming at controllable frequencies ranging 
from 0.5 to 2 Hz.
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2 � Experimental

Experiments for the Octobot were performed in in-house 
built experimental set-up. The set-up consisted of the 
transparent tank made of glass having volume equal to 
0.3 m × 1 m × 0.5 m which was filled with water, camera 
for rare view, and power supply system etc. For enhanced 
stability of the robot, apart from the design aspect, wire 
connections were carefully considered. The cyclic actua-
tions of the SMA muscle wires were performed by pro-
viding the PWM pulse generated through the Arduino 
nano controller and directly controlled through in-house 
made software based on LabVIEW as shown in Fig. 1e. 
The Octobot tentacles are divided into two groups. Each 
group contains four tentacles. The first group is actu-
ated and as soon as the PWM pulse is stopped to first 
group, second group is actuated to provide the continuous 
actuation for continuous thrust. Additionally, the further 
detailed description of the working mechanism of the 
Octobot is shown in Fig. 2. Since the current required for 
the each SMA muscle wire was up to 350 mA which can-
not be directly provided by the Arduino alone. Hence, an 
H-bridge circuit was used to provide the PWM pulse of 
350 mA current, whereas the circuit was controlled by the 
Arduino nano. The signal of 9 V and 350 mA was applied 

to every SMA muscle for actuation. For monitoring per-
spective views, a camera was provided which recorded the 
data. The software was custom-made in LabVIEW which 
served two purposes. First, it worked as monitoring soft-
ware for real-time actuation, strain, force and tentacles 
monitoring; second it worked as controlling software to 
control the frequency, voltage and number of actuation 
cycles during the experiment.

2.1 � Fabrication Process

The soft Octobot was designed using the process of soft 
molding and casting. The molds were designed in Solid-
Works 2018, a 3D designing software. The drawings for the 
molds design are shown in Fig. S3. The drawing dimensions 
clearly show that, the diameter void space of the tentacle is 
7 mm, and the length of void space is 79.12 mm, whereas, 
the overall length of the tentacle is 93.51 mm. All the eight 
tentacles are produced using only one mold. The procedure 
is similar to one that is followed in [37]. The head and ten-
tacles of the Octobot were designed separately while each of 
the head and tentacle was made in two parts upper and lower. 
For tightening of two parts during the casting process, molds 
were provided with screws on the sides as shown in Fig. S3. 
Molds were 3D printed with ABS filament (BLACKMAG-
IC3D, 1.75 mm) transparent material using “ANYCUBIC 

Fig. 1   a Designing using the 3D designing software followed by 3D 
printing of the molds in parts, such as the Octobot tentacle and the 
head, are designed in two parts each, b preparing the Ecoflex-0030 
for casting Octobot tentacles, whereas preparing the OOMOO-25 for 

casting head, c after that heat is applied for training the SMA Muscle 
wires for required shape, d casting and installing trained muscle wires 
in Octobot tentacles, e in-house-built LabVIEW software for moni-
toring and control of the Octobot
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Mega S Upgrade FDM 3D Printer” with the help of Fablab 
academy Khairpur, Pakistan. All the printing processes were 
done two steps. In first step, lower part of head and tenta-
cle; and in second step, upper part of head and tentacle was 
printed. The printed molds are shown in Fig. S2. Moreover, 
the casting process was completed in three steps. First, the 
compliant material was prepared by mixing for 5 min fol-
lowed by degasification and then casting for 2 h, second 
SMA Antagonistic muscle wires (BMF 150) were trained 
to required shape, and third, the trained SMA muscle wires 
were installed followed by full curing of the compliant tenta-
cle material as shown in Fig. 1b–d respectively. Additionally, 
the individual tentacles with embedded SMA muscles and 
assembled Octobot are shown in Fig. S4 (a–b) respectively.

SMA muscle wire serves as a foundation for the actua-
tion of the Octobot. In this connection, it is necessary to 
ensure its essential characteristics. The SMA muscle wire 
(diameter 0.5 mm) was purchased from (Shanghai Metal). 
It is used for main thrust force generation and for providing 
the antagonistic movement for the tentacles of the Octo-
bot. SMA wires show contraction when exposed to heat or 
increased temperature. The modes of SMA can be classi-
fied into two categories: martensite and austenite. When the 
temperature is increased to certain range the SMA muscle 
wire shifts from martensite to austenite demonstrating the 

contraction. In our experiment, we have used electric cur-
rent to provide stimulant for SMA to actuate by changing 
its temperature. As a result, thrust force is generated from 
contraction of the SMA. To test the muscle for experiment, 
we conducted another experiment with load (50 g) attached 
to the middle with spring. The wire was then heated while 
the temperature was continuously monitored using pyrom-
eter gun. Voltage (7.0–9.0 V) and current (50–300 mA) and 
temperature (60–200 °C) were changed with predefined step 
sizes. Similarly, the resistance of SMA was measured at var-
ious contracting strains (0–0.35%) using Agilent E3634A, 
electric current flowing at different temperature values was 
also measured. This was of great help in controlling the 
power consumption of the SMA using our custom-developed 
software.

3 � Results and Discussion

3.1 � Simulation of Octobot

For characterization of the developed robot working princi-
ple and its design, simulation was conducted in SolidWorks 
Software. Non-linear solid mechanic simulation loads gen-
erated by advanced features of the computing tools were 

Fig. 2   Working mechanism of the Soft Octobot, a controller diagram for Octobot showing the layout of the control and flow of PWM pulses 
along with the tags of the components used and b the prototype demonstration of the Octobot set-up and PWM pulses for alternative leg groups
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imported in SolidWorks fluidic environment for simulation 
to generate the synchronous motion which basically caused 
the Octobot to swim [38–40]. The fluidic environment set is 
shown Fig. S5 (a). Similarly, the Octobot model being simu-
lated in the SolidWorks simulation environment is shown in 
Fig. S5 (b). For the synchronous motion simulation deep, 
non-linear features of the SolidWorks from solid mechan-
ics and fluidic environment were used [39, 40]. In addition, 
dynamic characteristic model having multiple input–output 
(MIMO) was developed for performing the simulation work 
of the Octobot [40]. The basis for MIMO was the grouping 
of Octopus tentacles in two groups (A and B) where each 
group consisted of four tentacles. The essential parameters 
of the Octopus synchronous swimming pattern, such as dis-
placement, lift, drag, and velocity, were taken into account. 
Since the synchronous swimming motion demonstrated by 
the Octobot is the result of combined effort of the tentacles 
of the Octobot and the fluid which encouraged the imple-
mentation of the meshing and remeshing for simulating the 
complex simulation pathways. The simulation was carried 
out in 3D environment, and the simulation was carried out 
in batches for each group of tentacles. The simulation was 
directed from downward to upward to closely mimic the 
swimming pattern of the real octopus and the method we 
have mimicked in our Octobot. The simulation video (shown 
in SMOVIE1) demonstrates the surface velocity and thermal 

load distribution across the tentacles in the SMA muscles 
along with the batchwise actuation of the tentacles.

Since the bioinspired soft robots are made of compli-
ant materials, so the lift-and-drag force generated plays 
key role in determining the overall performance of the 
bioinspired robots. In this connection, the force distribu-
tion was calculated in simulation as well as in practical. 
The practical distribution is shown in Fig. 5c. However, 
Fig. 3 shows the series of images taken from the simula-
tion of the Octobot. Each image attached in Fig. 3 shows 
the surface velocity magnitude in (mm s−1), whereas the 
time is represented in seconds (s) and the displacement is 
given in the form of millimeters (mm). The synchronous 
actuation generated is due to the actuation of tentacle. For 
each set of tentacles, Fig. 3a shows the actuation of the 
first four tentacles (Group A) followed by the actuation of 
the second group of the tentacles (Group B) as shown in 
Fig. 3b. Collectively both groups A–B (all eight tentacles) 
constitute towards the locomotion of the Octobot, whereas 
time-based position of the tentacles recorded through 
tracker is shown in Fig. 6b. The recorded actuation stroke 
time is 6 s. Similarly, the instantaneous velocity in x and 
y direction for the tentacles is shown in Fig. 6e. The peak 
fold velocity is 40 mm s−1 which is twice the velocity of 
Octobot thigh as shown in Fig. 6f.

Fig. 3   Figure showing the simulation work of Octobot, whereas the 
Octobot tentacles are divided into two group and each group con-
tains four tentacles. a The first group of tentacles is being actuated as 

shown and b after the PWM pulse is stopped to first group it is being 
applied to the second group of tentacles being actuated
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As per results of simulation and mathematical model-
ling, the locomotion of the eight tentacles was achieved 
based on the thrust generation and antagonistic SMA mus-
cle approach. Each of the tentacle as already reported con-
tains two muscle wires. One mainly generated the thrust 
for the actuation and the second helped in returning of the 
actuated tentacles to their first place supported by the com-
pliant nature of the material. The custom-made software 
(LabVIEW-based) controlled and monitored the actuation 
of the muscles at specified time by producing PWM pulses 
for four tentacles alternatively as shown in Fig. 4.

3.2 � Mathematical Model

The behavior of the SMA wire is observed under constant 
load by heating it at the room temperature and the result 
is hysteresis loop. The length of the SMA wire is changed 
due to temperature. The Fig. 6S is showing hysteresis loop 
having two sides upper and lower. The upper side depicts 
the behavior when the SMA wire is heated, and the lower 

side depicts when it is cooled down. At low temperature, the 
curve diverges, and at high temperature, it converges.

The diagonal length is found using distance formula

The two sides are shown in below Fig. 6S, y1 (T) and 
y2 (T) respectively. We can see half-sine wave which is 
added to the diagonal straight line:

(1)L(T) = −mT + c,

(2)m =
Y2 − Y1

T2 − T1
,

(3)c = Y1 + aT1.

(4)d =

√
(T2 − T1)2 + (Y2 − Y1)2.

(5)L(T) = c − mT ± Aijsinθ,

Fig. 4   Complete mechanism 
of Soft Octobot with complete 
stroke. On the left side, Octobot 
along with internal structure is 
shown. Antagonistic and main 
thrust wires are shown in blue 
and red color respectively. The 
Actuated and the original state 
of the Octobot are shown on the 
right side of the figure
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Fig. 5   Real Octopus analysis and positional curves in x and y direc-
tions acquired using the traced points in TRACKER software (a video 
analysis tool), a head point of the octopus, b tentacle or the tip of the 

limb of the octopus, and c the thigh point of the tentacle. (Octopus 
snapshots were recorded after 1 s lapse of time)
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The positive and negative signs represent the upper and 
lower curves of the SMA. So, the above equation shows 

(6)A =
|||
|

y2(Tc) − y1(Tc)

2

|||
|
∗ cos�,

(7)Tc = T1 +
T − T1

L1
.

the change in length when temperature is applied to the 
SMA wire. The relation for change in length with respect 
to temperature individually for upper and lower curves of 
SMA is found:

(8)

Lm1(T) = c − mt − Asin

(
π(T − T1)

L1

)

for{T1 ≤ T ≤ T2},

Fig. 6   The analysis of proposed a–c Octobot and position of head, thighs, and tentacles is tracked using the tracker software after the video is 
recorded, similarly c–f instantaneous velocity measured for the Octobot at given locations is also measured through the tracker software
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For more accurate results, tuning coefficient is added.

where the Tcr is the intersection of upper curve and diagonal 
and the above mathematical model shows two points (T1, 
L1) and (T2, L2) of the hysteresis. Here, a closed mathemati-
cal model is developed, the mathematical model consists of 
algebraic and trigonometric functions [2, 17].

The Octobot arm is divided into two parts, proximal 
and distal part. The proximal part is attached to the center 
of the body of the octopus which is stationary; as for the 
distal part is concerned, its movement is restricted along 
the Octobot arm. The modeled model is one-dimensional. 
Assume, the total force generated by the muscle can be 
combined into a force (Fm) which is working in the direc-
tion of the arm. Moreover, the force of the muscle starts at 
some initial force (Fi) when the limb moves down the arm 
will decrease proportionally to the cross-sectional area.

Herein d is the position along the arm using Newton’s 
second law of motion,

where v is the velocity of the tentacle and a is the accelera-
tion of the tentacle, where m(x) is the mass of the distal part 
of the tentacle. Here, FD is the drag force which resists the 
motion in the water. The drag force opposes the movement 
of Octobot in the water [18].

where, ρ is the density of the fluid, and SA is the surface area 
which depends upon the shape of the object. Here the shape 

(9)

Lm2(T) = c − mt − Asin

(
π(T − T1)

L2

)

for{T1 ≤ T ≤ Tcr},

(10)

Lm2(T) = c − mt − Asin

(
π(T − T1)

L21

)

for{Tcr ≤ T ≤ T2}.

(11)

Lm1(T) = c − mt − U11Asin

(
π(T − T1)

L1

)

for{T1 ≤ T ≤ T2},

(12)

Lm2(T) = c − mt − U21Asin

(
π(T − T1)

L2

)

for{T1 ≤ T ≤ Tcr},

(13)

Lm2(T) = c − m − U22Asin

(
π(T − T1)

L21

)

for{Tcr ≤ T ≤ T2},

(14)Fm = Fi ∗
A(d)

A(0)
.

(15)Fm − FD = 2

(

a ∗ m(x) + v2 ∗
dm(x)

dx

)

,

(16)FD =
1

2
∗ � ∗ SA ∗ d2 ∗ Cd,

is taken the distal part of the limb. And Cd is the dimen-
sional-less drag coefficient which always depends upon the 
shape of the distal part of the limb [17]:

where λ(s) is the longitudinal mass density

P is the momentum equation shown above:

where V(s) is the velocity at point, the point s < d is assumed 
to be stationery and S > d is supposed to be the moving point.

The sum of forces is given below:

m(d) is the distal part mass at position x given by:

Now, Eq. (20) can be written as:

From Eqs. (20) and (22), we get

So, here presentation of the mathematical model for our 
Octobot robot that includes the calculation procedure for 
actuation of SMA along with the fluidic force (drag force) 
for our Octobot robot.

3.3 � Real Octopus Simulation

The motivation that served the basis for the proposal and 
then development of Octobot was Octopus. Thus, it is 
important to understand and observe quantitatively and 
qualitatively swimming patterns that octopus follows. As 
the observations from the analysis of the real octopus can 
significantly help in the development of the Octobot from 
design to final prototype development. To make this hap-
pen, a real Octopus video with high-definition quality was 
download and used for analysis. A heavy computing power 
machine was utilized for the video analysis and the two-
dimensional kinematics were digitized with high framing 

(17)�(s) =
dm

ds
,

(18)P = ∫
l

0

�(s) ∗ d(s) = ∫
l

0

V(s) ∗ �(s) ∗ ds.

(19)V(s) =

{
0 S < d

2d S ≥ d
,

(20)F =
d

dt

(

∫
l

0

V(s) ∗ �(s).ds

)

=
d

dt
(2 ∗ v ∗ m(d)),

(21)m(d) = mt
(
1 −

x

l

)3

,

(22)F = 2 ∗ a ∗ m(x) + 2 ∗ v ∗
dm(x)

dt
.

(23)F = 2 ∗ a ∗ m(x) − 6 ∗
mt

l

(
1 −

d

l

)2

∗ v2.
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rate of 250 frames/s. The specific points on the robot body 
of the actual Octopus were focused. The elected focused 
points were head, thigh, and the tentacle of the Octopus. 
First, automatic tracing was performed using vector points, 
and second using the direct linear transform, all the linearly 
automatically traced frames were corrected manually. The 
application of the DLT ensured the removal of any unwanted 
error in data. The error median in the data was found to be 
approximately ~ 0.55 mm. Due to higher video resolution, 
only one stroke was considered (one stroke for each set of 
tentacles) for 6 s as shown in Fig. 5a–c. The ultimate target 
for this analysis was to find out the swimming pattern of the 
octopus. The displacement in x direction is shown due to 
slight diversion and the lift-and-drag force generation for 
the stroke. Instead, the octopus kept moving the direction 
along y. The octopus head as shown in Fig. 5a is traced 
along x and y directions like the octopus tentacle and thigh 
as shown in Fig. 5c. Moreover, Fig. 5 depicts the motion 
along the y-axis is cyclic since it is the result of the stroke, 
whereas the distance and motion along x-axis remain reason-
ably constant. This behavior of the real octopus is observed 
in the developed Octobot as shown in Fig. 6a–c. However, at 
the start, the octopus moved behind due to resultant negative 
force production but then moved to the maximum shown 
level 3.2 mm in 6th second.

To verify the synchronous swimming of the developed 
Octobot, a tank made of transparent glass was filled with 
water to around 80% approximated level of its total volume. 
The home-made setup was equipped with camera to record 
the videos and actuation performance of the designed Octo-
bot in real time. An Arduino Nano (Academic) controller 
was installed in the circuit to produce the controlled PWM 
pulses of frequency ranging from 0.5 to 2.0 Hz. Speed of the 
Octobot at different operating frequencies is given in Fig. 
S6 (c). The frequency range is set from 0.5 to 2.0 Hz while 
the maximum speed of 25 mm/s is attained at the frequency 
of 1.5 Hz. The speed of the Octobot after 1.5 Hz starts to 
decline and 23 mm/s is observed at the frequency of 2.0 Hz. 
This frequency was set to target the muscle wires (SMA) 
installed in the tentacles and to boost the current and power. 
H-bridge motor driver circuit was used in the circuit. Flexi-
ble and quite thin, highly conductive copper wires were used 
for connection and electric current delivery. The minimum 
negative force, as it was ensured was caused by the con-
necting wires. The LabVIEW-based custom-made software 
developed in lab helped in control and real-time monitoring 
of the Octobot in experimental setup with significant con-
trol on each part of the experimental setup [42]. Pyrometer 
gun was used to measure the temperature as the feedback 
throughout the experiment. There was significantly linear 
relationship between temperature applied and current. More-
over, SMA was found destroyed when it was heated more 
200 °C. During the experiment, it also resulted in adverse 

effect to the matrix material of the tentacle, and as a result, 
it started to melt down. Thus, the set point for the Octobot 
was made fixed below 100 °C, but due to comparatively 
lower water temperature (approximately 22 °C), SMA had 
an additional protection and never found damaged.

Additionally, the simulation and mathematical modeling 
is similar to the study conducted in [43, 44]. In simulation, 
first, group A tentacles start to displace and then group B 
and the cycle goes on. Moreover, the displacement and the 
strain produced in the SMA muscle wire of 0.3 mm and 
0.5 mm diameter have been calculated (Fig. 7a–b), when the 
wire is heated. Second, the study of the Octobot is conducted 
and the displacement and strain produced in the tentacles is 
calculated and plotted for the temperature changes in SMA 
wire as presented in [45, 46]. Third, the force generated by 
octopus tentacle [47] is calculated and plotted. The results 
are shown in Fig. 7. Figure 7a shows higher strain in case of 
0.5 mm wire and higher displacement in case of 0.3 mm wire 
as shown in Fig. 7b. Additionally, the comparison between 
the actual octopus and developed Octobot mentioned in Fig. 
S6 (a) shows the position change of the Octobot in x and y 
direction, whereas Fig. S6 (b) shows the position change 
of the real octopus in x and y direction. The comparative 
analysis reveals that Octobot mimics the pattern followed by 
the real octopus in y-direction. However, there is slight dip 
in x-direction for the Octobot due to change in x-direction, 
otherwise it remains considerably stable.

Following the simulation, tentacles of the Octobot are 
divided in to two groups (A and B) and each group contains 
four tentacles. Initially, group A tentacles are actuated by 
applying the PWM pulse for a given period (determined by 
the operating frequency) and once the PWM supply is cut to 
group A, at the same time, it is applied to group B tentacles. 
This continuous periodical actuation of the tentacles helps 
achieve the Octobot maximum speed of 25 mm/s as shown 
in Fig. 8. Moreover, the high-definition camera device was 
used to capture the images of the swimming experiment of 
Octobot, as shown in Fig. 8. The total recorded duration of 
the Octobot is 6 s and the images are taken at the fix time 
step of 0.6 s each. The images at the fixed interval of time 
are showing the movement of Octobot tentacles and finally 
helping it lift upward. Initially, until 1.2 (Fig. 8ai–ii) sec-
onds, there is no significant movement in the tentacles, but 
at the time of 1.8 s, the Octobot tentacles are actuated and 
the Octobot is trying to move upward due to thrust generated 
by the group (4 tentacles) being actuated at the same time 
(Fig. 8aiii–x). Finally, targeted applications of the developed 
Octobot are underwater maintenance and monitoring appli-
cations, such as underwater pipe inspection, repair of off-
shore infrastructure. Biological applications of the designed 
robot are seabed and abyssal exploration, sample gathering 
from marine or sub-surface environment, such as coral reefs 
and data collection.
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Fig. 7   a, b The graphs for strain and displacement produced in SMA wires of 0.3 mm and 0.5 mm diameter are shown. In c, d the graph for 
force of the octopus’s model and strain produced in octopus tentacles are given respectively

Fig. 8   Images taken from the synchronous swimming experiment of 
Octobot; i–v) are showing the actuation of the first four tentacles of 
the Octobot (Group A) under applied PWM pulse, whereas, vi–x) 

are similarly showing the actuation of the Group B tentacles when 
the PWM pulse is stopped to Group A and applied to Group B. The 
sequential pictures taken at the fixed time step size
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4 � Conclusion

This work presents soft Octopus robot (OCTOBOT), spe-
cially designed for synchronous underwater swimming. 
Entirely soft Octobot was fabricated after its design opti-
mization using mathematical modelling, behavioral simu-
lation analysis, and focusing on the morphology of the real 
Octopus. Tracker software was used to analyze the motion 
of the real Octopus. The developed model is governed by the 
mathematical analysis along with simulation work carried 
out in SolidWorks 2018 for the verification of the design 
and working mechanism. Following simulated model, the 
Soft Octobot was developed using molding and casting pro-
cess. The material for the molds was ABS, whereas for the 
casting, Ecoflex 00-30 (For tentacles) and OOMOO-25 (For 
head) were used. The functionally responsive tentacles were 
attached to the head of the Octobot. The length of each tenta-
cle was 79.12 mm and 7 mm void space diameter. The basic 
thrust generation was made possible with the help of SMA 
muscle wire (BMF 150) along with additive functionality 
of the antagonistic muscle with flexible matrix material sig-
nificantly improved the frequency up to 0.5–2.0 Hz. Further-
more, real environment was mimicked for the Octobot, such 
as transparent water tank was filled with water to witness the 
performance and synchronous swimming of the 25 mm s−1 
at the given frequency of 1 Hz, 300 mA current and 9 V. The 
designed soft Octobot can be a strong candidate in the list of 
soft bio-inspired robots designed for underwater monitoring.
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