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Abstract: Underwater vehicles play important roles in underwater observation, ocean resource exploration, and sample collection.
Soft robots are a unique type of underwater vehicles due to their good environmental adaptability and motion flexibility, although
they are weak in terms of actuation and response ability. The transient driving method (TDM) was developed to resolve these
shortcomings. However, the interaction between the robots’ swift motions and flow fields has not yet been fully studied. In this
study, a computational fluid dynamic model is developed to simulate the fluid fields disturbed by transient high-speed motions
generated by the robots. Focusing on the dependence of robot dynamics on thrust force and eccentricity, typical structures of
both flow and turbulence fields around the robots are obtained to quantitatively analyze robot kinematic performance, velocity
distribution, vortex systems, surface pressure, and turbulence. The results demonstrate the high-speed regions at the robots’
heads and tails and the vortex systems due to sudden expansion, indicating a negative relationship between the maximum fluid
velocity and eccentricity. The reported results provide useful information for studying the environmental interaction abilities of
robots during operating acceleration and steering tasks.

Key words: Underwater vehicle; Computational fluid dynamics (CFD); Robotics; Transient driving method (TDM); Combustion
actuation; Hydrodynamics

1 Introduction

Underwater vehicles are of importance in ocean
engineering for activities such as underwater observa-
tion, marine resource exploration, sample collection,
and health monitoring of underwater structures (Trivedi
et al., 2008; Majidi et al., 2013; Lee et al., 2017; Bai
et al., 2022). Underwater soft robots are unique vehi-
cles which perform better than rigid robots due to their
satisfactory environmental adaptability and kinematic
flexibility (Umedachi et al., 2013; Rus and Tolley,
2015; Li TF et al., 2016; Calisti et al., 2017). When it
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comes to specific application scenarios in underwater
environments, the robots can adapt to operating condi-
tions and perform motions in a way that generates less
disturbance to the fluid field (Villanueva et al., 2011;
Chu et al., 2012; Suzumori et al., 2017). Their interac-
tions with fluids are well studied (Grissom et al., 2006;
Wiguna et al., 2006; Najem et al., 2012). Benefiting
from soft smart materials, an underwater soft robot
can perform various functional motions in response to
different stimuli. For example, a dielectric elastomer-
actuated soft fish was able to swim in the Mariana
Trench by flapping its wings in response to electronic
stimuli (Li et al., 2021). Shape-memory materials were
also demonstrated to respond to temperature stimuli
to actuate a frog-inspired underwater soft robot (Soomro
et al., 2021). In another study, a nano-scale soft robot
was actuated to deliver drugs in the water environment
in response to PH stimuli (Li H et al., 2016). Never-
theless, due to the lack of actuation power generated
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by soft materials, the underwater soft robots in the
literature typically have difficulty in accelerating to high
speeds in the short actuation period. Significant tasks
such as underwater high-speed start-up, rapid under-
water obstacle avoidance, or fast steering are urgently
needed, but they are not easily attained with the typi-
cal underwater soft actuation methods due to the
relatively low actuation power density. Therefore, the
combustion-actuated underwater soft robot was pro-
posed to resolve the dilemma. The transient driving
method (TDM) was developed to use combustion to
address the challenge (Yang et al., 2020). Combustion
can immediately generate high hydro-pressure, which
deforms soft robots’ flexible components for high-
speed actuation. Combustion-enabled TDM was first
reported by Shepherd et al. (2013), which designed
on-land jumpers that exhibited powerful thrust forces
in their motions. The combustion-powered hydro-jet
engine (CPHIJE) also equipped cephalopod-inspired
jetters for underwater transient high-speed motions
(Keithly et al., 2018). In addition to straight motions,
controllable motions have been attempted with the
TDM by pre-changing the head orientation (Bartlett
et al., 2015) and landing point (Loepfe et al., 2015).
Quantitative assessments were conducted on the driv-
ing ability of TDM-enabled actuators (Yang et al.,
2020), and the research team designed the actuators
into underwater jumpers to obtain approximately three-
time-body-length jumping.

The fluid field also critically affects underwater
movements, and can be used to optimize the design of
the robots and the solid-fluid interactions (Chen et al.,
2007; Tang et al., 2009; Wang et al., 2019). Addition-
ally, in terms of ocean engineering, studying the envi-
ronment (i.e., fluid fields) when disturbed by vehicu-
lar motions is significant. Therefore, numerical simu-
lations using the computational fluid dynamics (CFD)
method were carried out to obtain hydrodynamic coef-
ficients of a robot tuna for high-accuracy motion pre-
diction (Wang et al., 2019). Numerical analysis was
also developed based on the bionic robot tuna using
the CFD method, to investigate the surface pressure,
turbulent kinetic energy, fluid velocity, and other flow
performance indicators in relation to the robot tuna
(Chen et al., 2007). Drag forces were fully studied
by developing a numerical model of an autonomous
underwater vehicle (AUV) (Lin et al., 2022). Move-
ments and deformations of an underwater shell-like
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robot were also studied by the CFD method to accu-
rately assess its motion strategies (Renda et al., 2015).

However, the fluid field impacted by TDM robots
is still not completely understood due to the complex
motions and the high Reynolds fluid environments
generated by combustions that occur within about
20 ms. The interaction between robots and the fluid
field around them during operating acceleration and
steering tasks must be thoroughly studied. Thus, in
this work, a coupling CFD model was developed to
study the fluid fields disturbed by the TDM underwater
motions. We numerically studied the fluid field dis-
turbed by robots driven by TDM to obtain the hydro-
dynamic characteristics and interaction processes. This
paper is organized as follows: Section 2 presents the
numerical setup and the calibration of the thrust forces
acting on the underwater robots, which enable the
robots to perform straight swimming or tunable steer-
ing. Section 3 presents the numerical results, includ-
ing the robots’ kinematic performance, hydro-velocity
distribution, hydro-pressure distribution, and turbulence
kinematic energy distribution. Section 4 presents the
conclusions of this study.

2 Methods

The numerical model was developed using a CFD
model based on ANSYS Fluent (Lou et al., 2019).
The main governing equations (i.e., Reynolds-averaged
Navier-Stokes equations) and the details of the numer-
ical methods are provided in Sections S1 and S2 of the
electronic supplementary materials (ESM). The calcu-
lational domain of the model is a cuboid (where the
side length L is 600 mm, and the height A, is 1175 mm )
which is surrounded by a wall and has a pressure
outlet above it. The robots are located in the center of
the XZ coordinate plane, and =75 mm is the distance
between the robots and the bottom. Because the inter-
nal electrical components and pneumatic equipment
of the real model are relatively complex, a simplified
model of the robots was established to ensure the
similarity of hydrodynamic characteristics, as shown
in Fig. 1. The soft actuator applied in the robot was
previously studied, and the shape of the model, includ-
ing a hemispherical head (radius R,=75 mm) and a
cylindrical body (height H,=200 mm), is similar to the
real model in all directions, thus leaving the projection
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Fig. 1 Setup for the numerical simulation of a fluid field disturbed by robots driven by combustion, including the system
coupling, the dynamic mesh, and the design principle of the robots. 7 is the time

area unchanged. It should be noted that this combina-
tion cylinder/hemisphere soft robot actuated by com-
bustion has been successfully applied to achieve an
underwater rapid start-up (Keithly et al., 2018), leaps out
of the water (Yang et al., 2020), and multi-environment
signal transmission (He et al., 2022).

This computational domain is completely divided
into tetrahedral cells. Specifically, the area occupied
by the robots is divided into nearly 2x10° tetrahedral
cells with a size of 1 mm, and the area of the whole
flow field is divided into 9%10° tetrahedral cells with
a size of 33.3 mm, as shown in Table 1. Fig. 1 shows
the mesh reconstruction for the combustion driving
process of the robots. To obtain the actuator’s thrust-
time relationship for the chemical combustion reac-
tion, we mixed oxygen (O,) and propane (C,H;) to
obtain combustion gas, which was fully mixed into the
actuator. We put loads with different masses onto
an actuator sealed with a soft membrane, and input
different volumes of the premixed gas. By igniting the
gas, combustions quickly increased the pressure of the
chamber, resulting in large deformations of the mem-
branes and also pushing the mass upward. A high-
speed optical camera with 12000 frame/s was used to
capture the transient driving process of the push plate
driven by the actuator. After binary processing of
image information, we found that the transient driving
process of the actuator began with the membrane

Table 1 Dimensions of the simulated fluid field

Parameter Value Parameter Value
Fluid field Solid (robot)
H_ (cm) 117.5 R, (cm) 7.5
L (cm) 60 H, (cm) 20
H, (¢cm) 7.5 Density (kg/m’) 1000

overcoming the gravity of the push plate and provid-
ing significant thrust in the period of 0.0-8.7 ms.
After =8.7 ms, the plate and the membrane were in
the contact limit state. After that, because of inertia,
the plate continued to move upward. Therefore, we
changed the load of the plate /" and the total amount
of gas V; and selected the displacement-time data of
the plate before 8.7 ms to create the displacement-time
image shown in Fig. 2a. Then we calculated the second
derivative of the displacement, and combined it with
Newton’s second law to obtain the relationship be-
tween thrust force and time, as shown in Fig. 2b and
Table 2 (see detailed measurement setup in Section
S4 of the ESM). After fitting the thrust-time relation-
ship of Fig. 2b, it was evident that the relationship
was F=ycos(1807) under different working conditions
(F; is the thrust force, and the value of the maximum
thrust  is shown in Table 2); this was consistent with
previous study (Wang et al., 2021).

To control the steering motions, four reaction
chambers were set up in the real model, as shown in



J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(10):820-831 | 823

35+ ,
[ - . /1 100 i
30 — V=40 mL; W=1kg 71 AT e N
[ V=40 mL; W=2 kg /7 [ DN
e ; X DN
25 v=a0mi; Wadkg /" 08 NN
bomsusans V=50 mL; W=2 kg 4 5

L= = V=60mL; W=1kg

Fr (kN)

0.4/

f—— V=40 mL; W=1 kg
[ V=40 mL; W=2 kg
0.2 — . — v=40mL; W=3 kg
......... V=50 mL; W=2 kg
(= =+ V=60 mL; W=1 kg

0.0: " s
2 4 6 8 0 2 4 6 8
t (ms) t (ms)
(a) (b)

Fig. 2 Calibration of the thrust force generated by combustion: (a) relationships between displacement of the push panel

X, and time, obtained from the calibration experiments; (b)

relationships between thrust force and time, processed from

(a); (c) illustration of the applied thrust force in the numerical simulations

Table 2 Experimental results of thrust calibration

Case No.  Volume of oxygen, V., (mL)  Volume of propane, V,, .. (mL) Load, W (kg) = Maximum thrust, i (N)
1 333 6.7 1 630
2 333 6.7 2 730
3 333 6.7 3 800
4 41.7 8.3 2 990
5 50.0 10.0 1 1050

Fig. 1. In the numerical simulations, we studied the
robots” motions under different eccentricities, as shown
in Fig. 2c. When the thrust plate number n=1 and 3,
the acting regions of the thrust forces were 1/4 and 3/4

circle, respectively, and the eccentricity was 4 V/2, /(3n).

When n=2, the region was a semicircle, and the eccen-
tricity was 4/(3m). When n=4, the region covered the
entire bottom of the robots, that is, the eccentricity
was 0. To study the influence of thrust force and eccen-
tricity (denoted as e) on the motion characteristics and
surrounding flow field of the robots, the main parame-
ters of the numerical simulations for all 15 cases were
selected (Table 3).

This study employed the standard k-¢ model
(where k denotes the turbulent kinetic energy, and ¢
denotes the turbulence dissipation rate) (Launder and
Spalding, 1974) for the closure of the Reynolds equa-
tions (see Section S1 of the ESM for detail). The robust-
ness and accuracy of the k-¢ model have been exten-
sively verified through many simulations; its high sta-
bility and efficiency made it feasible to model the high-
Reynolds-number turbulence induced by the TDM of
the robots. The time step of 0.0005 s was selected to en-
sure that the numerical calculation could be converged

within 20 iterations at each time step. For each case,
we took the simulation results before 0.1000 s for anal-
ysis, in order to focus on the combustion actuation pro-
cess which took place in the period before 0.0089 s.

3 Results and discussion
3.1 Kinematic result

Because the XY plane bisects the acting region
of thrust force underneath the robots, we chose it to
analyze the underwater robots’ numerical simulation
results. The acting region of the thrust force is located
on the right side of the XY plane. Based on the numer-
ical results, the robots’ whole single steering motion
can be divided into two types of movements: displace-
ment (comprising the acceleration and deceleration
processes) and self-rotation. Fig. 3 shows the direc-
tional displacements of the robots. It should be noted
that the motions of cases 1, 4, 7, 10, and 13 were
straight motions, and were therefore excluded. The
eccentricity of cases 2, 5, 8, 11, and 14 was e,, and
that of cases 3, 6, 9, 12, and 15 was e,. It can be seen
that, with high thrust forces generated by combustion,
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the robots in every sub-figure in Fig. 3 showed an
obvious acceleration process (during 0—10 ms). These
results demonstrate high actuation performance and
thus confirm the unique advantage of the TDM; they
suggest that because of the rapid transformation of
combustion energy to kinetic energy, the robot’s
deceleration process starting at about 10 ms is one
of the most important parts of the overall motion.
It is noteworthy that a curve intersection shown in the
X-direction distribution with e, is due to the over-rapid
self-rotation of the robots. Fig. 4 shows the final angles

(at =100 ms) of the self-rotation with different eccen-
tricities and calibrated thrust forces. The robots driven
by TDM can rotate about 5 rad on average, and at
most about 6 rad, in 100 ms. With incremental in-
creases in eccentricity, the robots’ final angles also in-
creased, and the increasing thrust forces overall led the
final angles to change in the same pattern. However,
it should be noted that the final angles of self-rotation
reached their maximum at F,, which is due to the high
kinematic energy consumption required to overcome
displacement drag and rotational drag.

Table 3 Summary of parameters for the numerical simulations

Case No. v (N) Eccentricity, e n Case No. v (N) Eccentricity, e n
1 630 e, 4 9 800 e, 1
2 630 e 2 10 990 e, 4
3 630 e, 1 11 990 e, 2
4 730 e, 4 12 990 e, 1
5 730 e, 2 13 1050 e, 4
6 730 e, 1 14 1050 e 2
7 800 e, 4 15 1050 e, 1
8 800 e 2

e,=0; e,=4/(3m)=0.424; e,=4 \6/(37:):0.600. Note that the thrust effects generated by n=1 and n=3 are symmetrical distributed, therefore, we

only consider the effect of n=1
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Fig. 4 Density plot of the final angle (=100 ms) with different
eccentricities and calibrated thrust force conditions

3.2 Velocity distribution

Focusing on the dependence of robot dynamics
on eccentricity, we analyzed the velocity fields on the
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XY plane for cases 4—6. The model results, as shown
in Fig. 5, suggest considerable shared characteristics
between the flow fields surrounding the robots with
different eccentricities. Specifically, in all these cases,
the flow velocity will attain the local maximum values
in the robots’ heads and tails during the acceleration
stage (the first 8.7 ms of the overall motion). This
spatial characteristic will hold during the deceleration
stage (i.e., from 0.01 to 0.10 s), at which point the
thrust force on the robot has ceased. Meanwhile, the
significant impacts of eccentricity on the fluid field are
evident in the results. When the thrust force acts uni-
formly on the bottom of the robots, i.e., the eccentricity
of the robots is 0 and thus leads to symmetrical velocity
distribution around the robots, it is worth noting that
there are considerable vortices induced by the shear
stress between the robots and the surrounding fluids
at +=0.01 s. Both the shear strain rate and the vortex
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Fig. 5 Velocity distributions of cases 4-6 at =0.01, 0.05, and 0.10 s
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energy on both sides of the robot will gradually de-
crease during the deceleration stage due to the de-
crease of the velocity gradient around the robots. In
comparison, an asymmetrical thrust force may lead to
complex fluid fields, as suggested by the results for
cases 5 (¢,=0.424) and 6 (¢,=0.600). In such circum-
stances, the robots’ deflection angles will increase
with time, and the high-speed region of fluid will grad-
ually transfer to the side of higher thrust force. A
vortex, meanwhile, may form at the bottom right-hand
corner of the robots due to the fast rotation there.
Furthermore, the model results suggest that the velocity
magnitude of the fluid surrounding the robots will
generally decrease with increasing eccentricity, while
the high-speed region at the tail of the robots will move
to the right side more quickly. Simultaneously, the
vortex structure located under the robots will transfer

to the side of the higher thrust force corner because
the deflection of the corner on that side of the robots
has a greater shear effect on the surrounding fluids.

3.3 Pressure distribution

Fig. 6 shows the pressure distribution results
from the numerical simulations. Cases 1-3 and 10-15
were selected to study the pressure distribution on
robots’ surfaces in different thrust and eccentricity
scenarios. The results for cases with zero eccentricity
(i.e., cases 1, 10, and 13) suggest that high-pressure
and low-pressure areas can be respectively observed at
the robots’ heads and tails due to the boundary layer
effects. As expected, the magnitude of pressure anom-
alies will increase with increased thrust force. The
results for cases 2, 3, 11, 12, 14, and 15 show that when
the force is asymmetrical (i.e., e#0), the deflection of
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the robot increases with increased force, leading to a
high-pressure area on the side of the robots with higher
thrust force and a low-pressure area on the side with
lower thrust force. The maximum/minimum values of
the positive/negative pressure anomalies on robot
surfaces decrease along with the eccentricity.

Meanwhile, the high-pressure areas on the top and
left of the robots shift to the right; the low-pressure
area on the left disappears gradually, and that on the
bottom moves upward. Fig. 7 describes the influence of
different thrust forces and eccentricities on the robot
surfaces’ maximum pressures. The maximum pressure
variations with time show that the maximum pressure
on the robot surfaces has a positive relationship with
thrust force and a negative relationship with eccen-
tricity. Moreover, it appears that the maximum pres-
sure on robot surfaces will increase rapidly in the
acceleration stage (i.e., #<8.7 ms). The robots will
then enter the deceleration stage because of losing
thrust force, and the pressure gradient on surfaces will
decrease gradually.

3.4 Turbulence structure

Turbulence induced by robot motions can be char-
acterized by the turbulent kinetic energy (k) and turbu-
lence dissipation rate (¢). As shown in Fig. 8, the model
results suggest remarkable differences in the distribu-
tion of £ among different motion stages. When eccen-
tricity is zero, turbulent kinetic energy attains its local
maximum values at the head and two corners of the
tail during the acceleration stage, indicating the signif-
icant turbulence induced by the high-pressure region
and boundary layer separation, respectively. During the
deceleration stage, the high-k regions at the robots’
tails will gradually transfer from the corners to the wake

36 18
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due to shear flows. Meanwhile, the maximum local
value can still be reached at the head, consistent with
the available observations (Hamed et al., 2017; Yagmur
et al., 2020). It should be noted that during the decel-
eration stage, low-k regions can be observed on both
sides of the robot’s body, which implies that the
viscosity due to the solid boundary may suppress the
turbulence in the near-wall regions and thus make the
boundary layer flow more like laminar flow. When the
thrust force is asymmetrical, the tails’ high-k regions
are prone to transfer to the side with a higher thrust
force during the acceleration stage. The strong turbu-
lence by the head, at the same time, will be weakened,
since the considerable rotation here may moderate the
fluid compression, although such rotation itself may
increase turbulence, as suggested by the results for
case 6.

The distributions of ¢ among different motion
stages (Fig. 9) demonstrate a similar tendency to those
of k. The model results suggest that ¢ will attain its
local maximum values at the two corners of the tail
during the acceleration stage when eccentricity is
zero. During the deceleration stage, the tails’ high-¢
regions will gradually transfer from the corners to the
center. It should be noted that there are no distinct
low-¢ regions in the bodies of the robots during the
deceleration stage. This phenomenon may be explained
by the fact that the turbulence in the near-wall regions
is significantly dissipated due to boundary layer effects.
Meanwhile, the results from the cases with asymmet-
rical thrust force show that high-¢ regions near the
tail will gradually transfer to the side with the higher
thrust force, while the significant dissipation by the
head and the body will be weakened due to rotation.
It is noteworthy that the asymmetrical thrust force

Case 9
Case 12
Case 15

Fig. 7 Relationships between the maximum pressures P, _and time: (a) e=¢,; (b) e=e,; (c) e=e,
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Fig. 8 Turbulence kinematic energy (k) distributions of cases 4—6 at /=0.01, 0.05, and 0.10 s

may lead to a larger dissipation rate at the corner of
the tail during the deceleration stage, implying that
the robots’ rotations result in a lower net production
rate of turbulence around the separation point of the
boundary layer.

4 Conclusions

The present study numerically investigated the
hydrodynamics of robots driven by TDM. Focusing
on the dependence of robot dynamics on thrust force
and eccentricity, we obtained typical structures of
turbulence fields around the robots to quantitatively

analyze velocity distribution, vortex structures, pres-
sure, and turbulence properties. The results demon-
strate high-speed regions at both the heads and tails of
robots due to sudden acceleration. They also uncover
vortex systems at the corner on the side with higher
thrust force, and indicate a negative relationship
between the maximum fluid velocity and eccentricity.
The maximum pressure on robot surfaces is shown to
have a positive relationship with thrust force and a
negative relationship with eccentricity. The model
also provides the distribution of the turbulence kinetic
energy and turbulence dissipation rate of the fluid field
disturbed by robots, revealing the centripetal transfer-
ence of the high-k regions at the robots’ tails and the
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Fig. 9 Turbulence dissipation rate (¢) distributions of cases 4-6 at =0.01, 0.05, and 0.10 s

existence of low-k regions around their bodies due to
boundary layer effects. Furthermore, the results con-
cerning asymmetrical thrust force suggest that rota-
tion of the robots, while it tends to increase turbu-
lence, will decrease both k and ¢ at the head by mod-
erating fluid compression.

We did not conduct experiments with multiple-
actuation testing since the main objective was to
develop a CFD model to investigate the fluid field
when disturbed by high-speed motions of combustion-
enabled soft robots. In future work, it will be neces-
sary to investigate continuous fluid disturbances by
multiple actuations. Due to tiny cavitation bubbles gen-
erated by the high-speed motions, the accuracy of the
particle image velocimetry (PIV) validation is relatively

coarse. Future studies can be carried out to investigate
a high-accuracy PIV calibration algorithm that would
effectively distinguish between the tiny bubbles and
PIV particles. Another approach would be to improve
the accuracy of the tiny-bubble-based PIV experimental
method with creative statistical principles. Additionally,
investigating the fluid field disturbances in terms of
different robot geometries is a promising way to
obtain an optimized robot design.

This study provides useful information for the
study of robots’ abilities during operating acceleration
and steering tasks in the field of ocean engineering,
and the findings are also applicable for the develop-
ment of high-speed underwater vehicles.
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