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Abstract

This paper presents a frog-inspired swimming robot based on articulated pneumatic soft actuator. To realize the miniaturization of the
robot and enhance its environmental adaptability, combined with the advantages and characteristics of soft materials, an articulated
pneumatic soft actuator is designed based on analysis of a frog’s propulsion characteristics. A structural model is established to analyse the
mechanical properties of the soft actuator. With the goal of making full use of the driving torque of the actuator and enhancing the pro-
pulsion efficiency of the robot, the motion trajectories of each joint of the robot are planned. Based on the trajectory planning, the control
strategy of the soft actuator is determined to realize the frog-like swimming of the robot. The torso size after assembly is 0.175 m x
0.100 m x 0.060 m, which realizes the miniaturization of the frog-inspired robot. During the movement of the robot, the torso moves stably
and flexibly, and can realize continuous linear and turning movements. The rationality of the structure and trajectory planning are verified

by prototype experiments.
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1 Introduction

As representative amphibians, frogs have gradually
attracted the attention of bionics because of their excel-
lent athletic ability!'?!. Frog-inspired robots have great
research value. At present, many scholars have focused
on frog-inspired jumping robots”®*. There are relatively
few studies on frog-inspired swimming robots, mainly
focusing on theoretical modeling analysis and swim-

5191 The prototype structures of the

ming mechanisms
frog-inspired robots that have been developed are rela-
tively complicated, large in size and heavy in weight,
and it is impossible to truly realize frog-like swimming

B 15 addition, the rigid part of a robot

for these robots
is easily damaged when it comes into contact with the
external environment, and the adaptability to the envi-
ronment is relatively weak!'.

In recent years, soft structures have attracted the
attention of researchers because of their environmental
adaptability and human-computer interaction security
superior to that of traditional rigid robots!"*'*). Therefore,
researchers have carried out gradual and in-depth re-

search and have achieved remarkable results for soft

*Corresponding author: Yanhe Zhu
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robots and their structural design[lsfw]. The application
of lightweight soft materials with good adaptability can
better solve the above problems and greatly improve the
adaptability of a robot to the environment while sim-
(18191 Additionally, the use
of a soft actuator as a driving unit contributes to minia-

plifying the body mechanism

turization, which is of great significance for the devel-
opment of frog-inspired robots.

In addition, trajectory planning will help greatly
improve the motion performance of a robot** . Based
on motion analysis of bionic prototypes, kinematics has
been used by many scholars for trajectory planning!™-**.
However, a real frog’s trajectory is the result of
long-term adaptation of its musculoskeletal system, with
natural optimal characteristics’®”). The joint movement
of frogs has the characteristics of long explosive dura-
tion and large range of motion. To realize bionic
swimming for a frog-inspired robot, an articulated
pneumatic soft actuator is prepared in combination with
a soft material and is used as the connector and the
driving part of the robot’s limbs. Different forms of
motion can be realized by rationally designing the

26,27

structure of the soft actuator?®*”). Based on characteris-
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tic analysis of the articulated pneumatic soft actuator, the
trajectory of the frog-inspired robot is planned. The
control process is determined by trajectory planning, and
a bionic swimming movement that can reflect the cha-
racteristics of a real breaststroke is realized. The per-
formance of the robot is tested by prototype experiments,
which lay the foundation for research and further de-
velopment of the frog-inspired amphibian robot. Im-
portantly, the fusion application of rigid and soft ma-
terial properties will make the frog-inspired robot have
broader application prospects.

The rest of this paper is organized as follows: A
structural model of the articulated pneumatic soft actu-
ator and its characteristics are analyzed in section 2. The
motion trajectory is planned in section 3. In section 4,
prototype experiments are carried out to verify the ra-
tionality of the performance of the robot. Finally, the
conclusion and future work are given in section 5.

2 Materials and methods

2.1 Structural model

To realize the miniaturization of the robot and bio-
nic swimming, a frog-inspired swimming robot based on
an articulated pneumatic soft actuator is designed. The
skeletal system of a frog is shown in Fig. 1a'*’!. The
basic dimensions of the limbs are as follows: big arm
(12.5 mm), arm (12.5 mm), thigh (28 mm), calf
(27.5 mm), tibia (15 mm), the length of the sole and
flipper is approximately 47 mm. The joint angles of the
hip joint adduction, abduction and rotational motion are
—45°-90°, 40° — 140° and —50° — 50°, respectively. The
flexion and extension motion angles of the knee joint,
ankle joint and tarsometatarsal joint are 0° — 155°,
—150° — 0° and —10° — 140°, respectively. By analyzing
the angle of each joint, the limit of motion between ad-
jacent limbs should not be less than 155° to meet the
motion requirements of the robot.

The swimming characteristics of a frog are ana-

28
28] com-

lyzed by a swimming observation experiment
bined with the skeletal structure of the frog, the overall
structural design scheme of the frog-inspired swimming
robot shown in Fig. 1b is initially determined. The ro-
bot’s torso and limbs are three times longer than those of
a leopard frog. The joints are all driven by articulated

pneumatic soft actuators, and the propulsive force and

restoring force are generated by the coordinated move-
ment of the actuators, thereby realizing bionic swim-
ming of the robot.

Since the joints of the robot are in a contracted state
before swimming, the initial shape of the articulated
pneumatic soft actuator is designed as a semi-annular
shape, as shown in Fig. 2a, and is composed of an elastic
matrix, a strain-limiting layer, a fibre line, a sealing
obstructing head, and a gas guiding head. The
cross-sectional shape of the inner cavity is designed to
be rectangular. The strain difference between the
strain-limiting layer and the elastic matrix is used to
achieve a progressively decreasing centre angle motion.
When filled with compressed gas, the torque generated
by the articulated pneumatic soft actuator can drive a
limb to realize a stroke action. When the pressure is
released, the torque generated by the elastic matrix of the
actuator can restore the limb to achieve a recovery action.
This is just enough to meet the more vigorous stretching
movement of the limbs during the propulsion phase, and
a more gradual movement in the recovery phase.
Therefore, the articulated pneumatic soft actuator not
only serves as the connecting component but also serves
as the driving unit of the frog-inspired swimming robot.
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Fig. 1 The structures of the frog and the robot. (a) The skeletal
structure of a real frog; (b) the overall structural design of the
robot.
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Fig. 2 The structural models of an articulated pneumatic soft
actuator. (a) The center angle changes as the air pressure changes;
(b) the entire process includes making molds, casting twice,
winding fiber lines, and bonding.

This component is the key to meeting the movement
demand and realizing a compact and lightweight struc-
ture.

The articulated pneumatic soft actuator consists of
a number of different components that are selected ac-
cording to their respective functional characteristics.
Combining 3D printing, moulding and bonding tech-
niques, the mould structure and fabrication process of
the soft actuator are illustrated in Fig. 2b.

2.2 Characteristic analysis of the articulated pneu-

matic soft actuator

Due to the influence of the preparation process and
the processed materials, there is a certain error between
the theoretical analysis and the actual characteristics.
The actual characteristics of the articulated pneumatic
soft actuator are obtained by experimental tests and
verify its feasibility, laying the foundation for its tra-
jectory planning.

2.2.1 Motion characteristics
The test platform shown in Fig. 3 is designed to
obtain the actual motion characteristics. The experi-

mental operation of the soft actuator is pressurized and
then gradually relieved. The host computer communi-
cates with the MCU through the UART, and an electrical
proportional valve is adjusted by the PWM to control the
gas path. The internal pressure of the chamber is meas-
ured by an XGZP-type gas pressure sensor, and the
bending angle of the actuator at the corresponding air
pressure is measured by an RFP film-type bending
sensor. The data collected by the sensor are sent to the
MCU and transmitted to the host computer to obtain the
current bending angle and air pressure.

2.2.2 Mechanical properties

The articulated pneumatic soft actuator is mainly
used to generate the driving force and the restoring force.
To better understand the mechanical properties of the
actuator, the experimental platform and its experimental
principles are shown in Fig. 4.

The two ends of the soft actuator are fixed by a
digital display ruler, and the air pressure of the inner
cavity is gradually increased, so that the characteristic
relationship between the gas pressure P;, and the output
driving torque Mp at different angles can be obtained.
The bending angle is fixed from 40° to 70° in increments
of 5°, and the P;-Mp characteristic curve of the soft
actuator is shown in Fig. 5. The characteristic curve
changes approximately linearly within a certain load
range.

3 Joint trajectory planning and actuator
control strategy

A frog swims in the form of a swipe motion that is
intermittent and highly explosive, so it is very important
to plan the trajectory. The swimming process is simpli-
fied into three stages of advancement, sliding and re-
covery. The frog’s joint angle is maintained during the
sliding phase, and trajectory planning is not re-

%301 Therefore, it is only necessary to perform

quired[
trajectory planning for the propulsion and recovery
stages based on the characteristic analysis of the soft

actuator.

3.1 Joint trajectory planning during the propulsion
stage
According to the structural characteristics of the
frog-inspired swimming robot, the trajectory planning of
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Fig. 4 The experimental device composition and its experimental principle.
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Fig. 5 The P;,-Mp characteristic curve of the articulated pneu-
matic soft actuator.

the propulsion stage is divided into three sub-stages, as
shown in Fig. 6. In sub-stage 1, the elbow joint of the
forelimb and the hip joint of the hind limb move simul-

taneously, the elbow joint drives the flipper to achieve
full extension, and the hip joint drives the flipper per-
pendicular to the direction of movement of the robot. In
sub-phase 2, the extension joints are coordinated so that
the flipper is always perpendicular to the direction of
movement to generate propulsive force until the hip and
knee joints are fully extended. In sub-stage 3, the ankle
joint of the hind limb continues to stretch until the flip-
per is parallel to the direction of movement of the robot.

The limbs mainly perform intense stretching exer-
cises during the propulsion stage. The ankle joint gen-
erally first undergoes a process of acceleration and then
deceleration, the acceleration time is very short, and the
acceleration trajectory is close to a sine function!""’. The
following segmented sine function is used in each
sub-stage to represent the acceleration characteristics of
the joints:
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Fig. 6 Joint trajectory planning during the propulsion stage.

tJ(OSt<Tai)

6 — T T
(T, +T,)7, Sm(

é:n—AﬁSin
(T +T)T,

T, =T, +T (i = 1’2’3)>

>

(M

Sa Sa

(t_Tai)i|(Tai £t<Tai+Tdi)

where @ is the acceleration of the joint; A, is the
movement angle of the joint of a single sub-phase; Ty
and Ty are the time taken for joint acceleration and de-
celeration, respectively; and T is the period of joint

motion.
The integral of the segmented sinusoidal accelera-

tion curve on Ty is zero to ensure that the limbs have

zero velocity at the beginning and end of each sub-phase.

In sub-stage 2, the joint deflection angles of the hind
limbs have the following equality relationship:

6,

ankle

0,

6,

knee

=90’

+ 6,
, (2)

ip
ip 90" = eankle
where O,k 1s the deflection angle of the ankle joint; G,
is the deflection angle of the hip joint; Gy is the def-
lection angle of the knee joint.

Thus, the relationship between the joint accelera-

tions of the hind limbs in sub-stage 2 is:

0,..+6. -6_.=0
ankle ip knee
P ; €)
Hhip = Hankle
where @, is the acceleration of the ankle joint; éhip is

the acceleration of the hip joint; éknee is the acceleration

of the knee joint.
According to the planning of the overall form of

movement of the joints during the propulsion stage, the

total time of the propulsion stage is specified as 1 s, and
that of sub-phases 1 and 3 is 0.2 s. The acceleration
motion period T, in the sinusoidal segmentation func-
tion of joint acceleration accounts for 30% of the total
period Tj; of the joint motion. The determined accelera-
tion, velocity and angular motion trajectories of the
joints are shown in Fig. 7.

3.2 Joint trajectory planning during the recovery
stage

The trajectory planning of the recovery stage is also
divided into three sub-stages, as shown in Fig. 8. In
sub-stage 1, the extension joints are coordinated to
achieve the recovery movement, and the flipper is al-
ways kept parallel to the direction of the robot move-
ment until the knee joint is completely restored to the
original state to minimize the resistance during the limb
recovery movement. In sub-stage 2, the ankle joint is
fully restored to its original state. In sub-stage 3, the
elbow joint and the hip joint move simultaneously until
the original state is fully restored.

According to the above description, in sub-phase 1
of the recovery stage, the deflection angles of the joints
of the hind limbs have the following equality relation-
ship:

6

Hankle + ghip ~ Yknee

ghip = Ha.nklc

=180°
: )

Thus, the relationship between the joint speeds of
the hind limbs in sub-stage 1 is:

eankle + hip - gknee = 0 (5)
éhip = éankle

@ Springer



Fan et al.: Experimental Study on Frog-inspired Swimming Robot Based on Articulated Pneumatic Soft Actuator

275
2007 Hip joint

. | == Knee joint i i i L

b B - + = Ankle joint S

Eﬁ 100f

50
0 A i i
,(:i) 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
T Time (s)
20001 . - 5 o
% 1500 —— Hip joint = = Knee joint == « = Ankle joint ] .“' g
’ B

51 i =

> / 5,

5 1 '3 "<‘_
.E 42 s b

5 -

5]
< 1 1 1 1 1 J
(b) 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
& 0 X104 Time (s)
< —— Hip joint o= == Knee joint == « = Ankle joint r."—'\‘
é 5k - i L

IS \
5 P S 1

o | 8 s

§ 0 - .\.M-\ ",-“
g 5L e A 5 8 A A i | AL 1 B o |
& 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.50
Z Time (s)

—_—
2]
—

Fig. 7 The trajectory planning result of the propulsion stage. (a) The joint angle of the propulsion phase; (b) the joint angular velocity of
the propulsion phase; (c) the joint angular acceleration of the propulsion phase.
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where é?ankle i§ the speed of ankle joint; éhip is the speed 0,(1)
of hip joint; 6, . is the speed of knee joint. S y , s

According to observation of the frog swimming ayt’ +byt' +c,t’ +dt* +egt+ [, (0<t<T,)
movement, the time of the recovery stage is set to be 90" (T, <t<T,)
three times that of the propulsion stage. Taking the hip
joint as an example, a five-degree polynomial fit is ap-
plied to the hip joint’s motion angle in each sub-stage as L=t- (7;11 + Thz)’
Eq. (6). (©)

B
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where ¢ is the swimming time, 6y is the movement angle
of the hip joint and 7j; (i = 1, 2, 3) are the time nodes of
the different sub-phases, where 7j,;=1.5 s, Tj),=0.75 s,
and T;3=0.75s.

During the recovery stage, the movement of the
limbs is relatively flat, the moments of switching be-
tween the different sub-stages all adopt a gentle excess
acceleration, and the joint speed is zero in the switching
of the different stages. To prevent the leg from acting
opposite to the direction of the propulsion movement
during the recovery phase, the following boundary con-
ditions for the joint trajectory corresponding to Eq. (6)
are set:
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where i1y and Oy, are the angles of the joints at the
beginning and end of the different sub-phases, respec-
tively.

The curves of the joint angle, angular velocity and
acceleration characteristics of the recovery stage can be
obtained by the above analysis, as shown in Fig. 9. The
joint movement curves of the limbs are smooth during
the entire recovery stage, and those of the sub-stages are
smooth and excessive, with no sudden changes in acce-
leration and speed.

3.3 Actuator control strategy

To realize frog-like movement, an incremental PID
controller based on air pressure feedback is established
to control the motion behavior of each joint. The control
process of a single actuator is shown in Fig. 10a.

The reference angle 6 of the controlled joint is ob-
tained by trajectory planning. Combined with the motion
characteristics, the expected air pressure in the inner
cavity of the actuator for achieving the reference angle is
obtained. The deviation between the expected and actual
air pressure values is sent to the PID controller, and the

control amount u is output. The control amount controls
the opening degree of the solenoid valve by controlling
the duty ratio and adjusts the air pressure to realize
closed-loop control of the actuator. According to the
response speed of the actuator, the control period of a
single PID is determined to be 20 ms, and the air pres-
sure trajectory curve is shown in Fig. 10b. There is no
hysteresis in the curve, which satisfies the control re-
quirements.

4 Prototype experiments

4.1 Structural verification experiment

The structure and control system are integrated to
build a prototype of the frog-inspired swimming robot.
The overall mass is 1.29 kg, the torso size is 0.175 m x
0.1 m % 0.06 m, the length of the hind limbs is 0.152 m
when fully extended and the areas of the front and hind
flippers are 0.003 m” and 0.05 m?, respectively.

The robot is placed on land, and the overall per-
formance of the robot is debugged through the control
system. The action series is shown in Fig. 11. The robot is
flexible in the movement process, and the action execu-
tion is basically consistent with the previous planning
procedure. The propulsion motion is realized based on
the articulated pneumatic soft actuator, which prelimi-
narily verifies the rationality of the trajectory planning.

4.2 Linear motion experiment

Post-processing of the captured experimental video
is used to obtain the swimming posture sequence of the
robot, wherein the starting position of the robot is
marked as “Start”, the position is fixed in the figure, and
the end position is marked as “End”. The shaded portion
of the last picture represents the absolute position of the
robot in the initial stage.

The linear swimming sequence of linear motion is
shown in Fig. 12. The duration of a single swim is ap-
proximately 6 s. The propulsion distance is approx-
imately 0.45 m, which is twice the length of its own
body; and the average propulsion speed is approximately
0.075 m's '. Motion analysis reveals that the joints
move at the same time during the advancing movement,
and the flippers are driven to perform stroke movements
from the outside to the inside. The form of movement is
similar to that of an aquatic frog based on lift, and the
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Fig. 10 The control principle and air pressure characteristic curve of soft actuator.

last moment of the propulsion phase is more severe. In
addition, the robot has better motion stability during the
linear motion process, which preliminarily verifies the

rationality of the structure.

4.3 Turning motion experiment

The yaw moment generated by the coordinated

motion of the four limbs can realize the turning motion.

A left-turn motion sequence and the internal air pressure

) Springer
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Fig. 13. In the initial stage, the coordinated movement of
the limbs achieves a short-term linear motion to break
the water resistance, and then use the driving force
generated by the propulsion of a single hind limb. In the

recovery process, the knee joint is first retracted, and the
hind limbs continue to stroke with the driving of the
knee joint; this process continuously provides driving
torque for the turning motion, and the other joints finally
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Fig. 13 The sequence of actions when turning to the left the air pressure characteristic curve of each joint actuator when turning to the left.
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return to the initial state. The angle of a single turn can
reach 90°, the average turning speed is 15 °-s” and the
turning radius is 0.20 m. The principle of turning right is
similar to that of turning left.

5 Conclusions and future work

A frog-inspired swimming robot based on articu-
lated pneumatic soft actuators is presented to enhance its
environmental adaptability. The fusion of rigid and soft
materials not only ensures sufficient toughness but also
realizes the miniaturization of the robot. The mould
structure of a soft actuator and its manufacturing process
are designed. Based on characteristic analysis of the
actuator, the joint trajectory is planned in the form of
joint angle, angular velocity and angular acceleration.
Frog-like movement is realized by the coordination of
the actuators, which shows that the structure and tra-
jectory planning are reasonable. The robot can propel
forward a distance of 0.45 m, which is twice the length
of its own body. A single turning angle can reach 90°,
and the turning radius is approximately 0.20 m. In future
work, we intend to develop a frog-inspired robot with
amphibious capabilities by improving the structural
model and drive unit.
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