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Soft robots have tremendous potential for applications in various fields, owing to their safety and flexibility embedded at the 

material level. Soft robots, especially bio-inspired soft legged robots, have become one of the most active fields of current re-

search in robotics thanks to their superior mobility and ability to face complex terrains. However, it is arduous to establish a 

dynamic simulation model for soft robots, owing to their hyper-redundant degrees of freedom, hyper-elasticity, and nonlinear-

ity of their soft structures. In this study, we designed, simulated, and fabricated a hexapod robot that achieves walking, crawl-

ing, pronking, and rolling with wheeled legs plus a soft body capable of shape change. A robot prototype was fabricated using 

3D printing technology and soft silicone pneumatic networks. Actuators, battery power, and control boards were integrated in-

to the body of the robot for untethered locomotion. We have explored the capabilities of the robot in different conditions, espe-

cially in scenarios that simulate lunar and Martian environments, demonstrating the motion performance of the robot. The re-

sults have shown promising potentials of the developed robot for future applications in planetary lava tube exploration. Our 

experimental and simulation results also show good agreements that indicate the potential predictive roles of simulation tools 

for soft robot design, planning, and control. 
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1  Introduction 

Legs and wheels are most commonly employed in mobile 

robots. Legged robots have superior terrestrial mobility for 

traversing diverse environments and thus have the potential to 

be deployed in outer space or disaster scenes [1]. On the other 

hand, rolling is the fastest and most energy-efficient gait on 

flat ground among the motion patterns. The rolling motion 

generates relatively high speeds and conserves momentum, 

especially with the help of gravity [2]. Besides, wheeled mo-

bile robots are still primarily used in planetary exploration, 

and they are among the most intelligent space systems that 

synergistically combine robotic intelligence, virtual intelli-

gence, and human intelligence [3]. However, they are almost 

always rigid structures and have a limited exploration area to 

reach. 

At present, both rigid robots and soft robots have their ad-

vantages and disadvantages. A rigid mobile robot has high 

structural stiffness and large load capacity, while it may not 

be able to pass through narrow caves or crevices. On the con-

trary, soft mobile robots can take advantage of their softness, 

easy deformation, and high degrees of freedom to adapt to 

various unknown and complex environments for undertaking 

reconnaissance, rescue, and other hazardous tasks. However, 

design, modeling, and simulation of soft robots are still at 

their early stage, owing to their hyper-redundant degrees of 



 

freedom, hyper-elasticity, and nonlinearity of the underlying 

soft materials. It is rare to find reported research on unteth-

ered rigid-flexible coupled mobile robots. For future lava 

cave exploration missions on the Moon and Mars and the 

scientific exploration of other distant planets, we need to 

adapt to the harsh space environments and face much more 

complex and arduous unknown terrains [4]. Developing a 

multimodal robot that can adapt to different terrain environ-

ments is desirable. 

Bio-inspired soft locomotion robots exhibit great potential 

in the fields of measurement, detection, and rescue. Many 

biological organisms, including species of spiders, salaman-

ders, and caterpillars, change their shapes to switch gaits and 

adapt to different environments or escape from natural ene-

mies and dangers. When attacked by its nemesis, the preda-

tory wasp, a wheel spider turns its body into a wheel after a 

short run and rolls down a dune [5]. Similarly, the caterpillar 

of the mother-of-pearl moth (Pleurotya ruralis) rolls into the 

shape of a wheel and can roll up to five consecutive revolu-

tions to escape any predation [2]. Inspired by such a change, 

Lin et al. have created GoQbot [6], and Western et al. pro-

posed Spider Rolling Robot (SSR, Figure 1(a)) with walking, 

rolling, and jumping modals for planetary exploration, which 

mimic the rolling capabilities of the Golden Wheel Spider as 

it escapes predators [7]. Barstow et al. designed and simulat-

ed an autonomous robotic exploration system (ARES) for 

planetary cave and lava tubes exploration (Figure 1(b)), 

which was inspired by red sea urchin’s radial spines, frog 

tongue’s whip-like motion, green gecko’s foot, and orb-web 

spider’s sensor in its legs [8]. Li et al. proposed a somer-

saulting soft robot, “SomBot”, inspired by small stomatopod 

named Nannosquilla decemspinosa [9]. Using similar bionic 

principles, Patel et al. developed a dynamic bistable soft ac-

tuator using shape memory alloy and achieved multimodal 

soft robot locomotion, like crawling, swimming, and jumping 

[10]. Dylan et al. developed a pneumatic shape-change soft 

robot that adapts to environments better than an equivalent 

but non-morphing robot [11]. Gkliva used soft fluidic actua-

tors to replace the rigid legs of RHex, enabling it to negotiate 

terrains of varying complexity [12, 13]. Similarly, Sadeghi 

developed a soft-legged wheel-based robot with terrestrial 

locomotion abilities [14]. Pneumatic actuators are widely 

used in the field of soft robotics. For instance, Ke et al. intro-

duced a robotic system that employs stiffness preprogramma-

ble soft pneumatic actuator, which showed superior kinetic, 

kinematic characterizations and sensing capabilities com-

pared with the homogeneous one while coming across vary-

ing curvature objects [15]. Magnetic actuation has been ap-

plied in multimodal soft robots. This technique facilitates the 

creation of diverse configurations to achieve distinct motion 

patterns or capabilities [16]. In recent years, European Space 

Agency (ESA) has been looking for systems that would land 

on the lunar surface, identify and access a cave and contribute 

to the scientific exploration of the Moon [17]. NASA also 

proposed the “Moon Diver” mission with the “Axel” robot in 

order to return to Mare Tranquillitatis for collecting infor-

mation on the chemistry, mineralogy, and morphology of 

these intact bedrock layers (Figure 1(c)) [18]. NASA’s Jet 

Propulsion Laboratory designed a new Pop-Up Flat Folding 

Explorer Robot (PUFFER, Figure 1(d)) inspired by origami, 

which can fold flat to stow for launch and change shape ac-

cording to the obstacles encountered [19]. For future plane-

tary exploration, Kim et al. developed a cable-driven rolling 

robot, “Super Ball Bot” (Figure 1(e)) [20]. Naclerio et al. 

proposed a pneumatic steerable soft-growing robot that can 

navigate the underground environment (Figure 1(f)) [21]. 

Natural lava tubes on the Moon or Mars are the ideal candi-

dates for scientific investigation, human habitation, and in 

situ resource utilization [22]. Increasing demand for robots 

can be expected for future space missions, including soft ro-

bots that are yet to be developed. Developing a lava tube ex-

ploration robot for unknown multi-terrain conditions is par-

ticularly of interest. 

As mentioned above, modeling and simulation of soft ro-

bots are challenging, especially in the application and devel-

opment of professional software. Commercially available 

software such as ABAQUS, ANSYS, and COMSOL have 

been involved in the soft robotics field [23], while they are 

primarily used in structural analysis in quasi-static conditions. 

In addition to direct theoretical modeling, like continuum 

mechanics models, geometrical models, and discrete material 

models [24], some researchers have also worked on develop-

ing soft robot simulation environments/tools. For instance. 

Hiller and Lipson developed the “VoxCAD” to simplify the 

modeling of robots with varying actuating materials and col-

lisions [25]. Gazzola et al. developed “Elastica” to simulate 

the dynamics of soft filaments using the Cosserat rod theory 

[26]. Grazioso et al. presented a dynamic simulation envi-

ronment, “SimSOFT,” by combining the Finite element (FE) 

method, Cosserat rod theory, and screw theory, which can be 

helpful in the design, analysis and control of soft continuous 

robots [27]. FE modeling is employed to solve nonlinear de-

formation with prior knowledge of the material properties 

[28]. The open-source framework “SOFA” not only works 

for flexible continuum manipulators but also does a great job 

in soft robotic arms [29]. With the development of mul-

ti-flexible body dynamic techniques, RecurDyn can also be 

used for soft-body and rigid-flexible coupled robot simulation, 

especially in the dynamic analysis [30]. 

In summary, from the perspective of planetary lava tube 

cave detection, bionic design, and soft robot modeling and 

simulation, the main contributions of this study are as fol-

lows: 

(a) A soft hexapod robot inspired by salamanders, inch-

worms, and cockroaches was designed and fabricated with 

multimodal characteristics for future planetary exploration, 

capable of walking, crawling, pronking, and rolling, as well 

as bionic combinations for obstacle crossing. 

(b) A simulation framework and a rigid-flexible coupled 

finite element dynamics simulation model of the robot were 



 

developed and justified through experiments, which have 

substantial application potential in optimization of the soft 

robot design, motion simulation of soft robots, and dynamic 

analysis with consideration of planetary environments. 

(c) The proposed multimodal motion patterns were vali-

dated using an actual soft hexapod robot prototype, the un-

tethered locomotion was achieved, and the experimental re-

sults demonstrated the potential of this robot for applications 

in diverse complex terrain environments. 

The remainder of this paper is organized as follows. In 

Section 2, we demonstrate the soft hexapod robot prototype’s 

bionic research objectives, design concept, and components. 

The procedure and theoretical modeling and simulation are 

presented in Section 3. Section 4 introduces the experimental 

setup and reports the experimental results. Finally, conclu-

sions and discussions are presented in Section 5. 

 

Figure 1  Robots for planetary exploration: (a) Spider Rolling Robot (SSR) [7], Copyright © 2023 Elsevier; (b) autonomous robotic exploration system 

(ARES) [8], Copyright © 2022 by the American Institute of Aeronautics and Astronautics (AIAA), Inc.; (c) concept for the “Moon Diver” mission [18], 
Copyright © 2019 IEEE; (d) Pop-Up Flat Folding Explorer Robot (PUFFER) [19], Copyright © 2020 Springer International Publishing; (e) “Super Ball Bot” 

[20], Copyright © 2015 NASA ; (f) soft-growing robot [21], Copyright © 2021 American Association for the Advancement of Science (AAAS).

2  Bio-inspired design and fabrication 

2.1  Mission concept and bionic inspiration 

Studies have shown that Mars and the Moon have many 

lava tube caves [22]. These interconnected lava tubes pro-

vide an underground network of paths which are of great 

interest for future scientific exploration and the construction 

of extraterrestrial bases. As shown in Figure 2, a lava tube is 

a hollow lava pipe formed when a lava flow cools and so-

lidifies on the surface while the internal lava flow remains 

in high-temperature motion forward. Topographic features 

such as pits, pit chains, and skylights are often present on 

the surface of lava tubes. Skylights are openings at the top 

of caves or lava tubes that form round or oval, steeply pitted 

craters without edges. Most skylight entrances have a sizea-

ble slope, with almost vertical inner walls and raised rocks. 

Although lava caves are ideal for humans to build bases to 

shelter from extreme temperature changes and harsh radia-

tion, their stability is still questionable. The tubes have 

supposedly collapsed in some areas, leaving obvious de-

formations on the Moon’s surface. It is assumed that sedi-

ments and scattered rocks may be present below the lava 

tube entrance and within the tubes [8]. Considering such a 

complex and rugged unknown terrain environment, we want 

to develop a flexible soft mobile robot with multiple motion 

functions with efficient movement capable of undertaking 

many different missions. That means, when there are rocks 

or other obstacles on the surface, the robot can walk or 

crawl over them. When encountering naturally formed hills 

or inclines, the robot can either climb them or use gravity to 

roll down freely while protecting the internal structure from 

any damage. Furthermore, during traversing a flat terrain, it 

can also choose to walk, run, or roll through faster, depend-

ing on the task requirements. In addition, the robot’s com-

pact size makes it easy to release via the mother rover and 

allows multiple robots to cluster for exploration. 

The design of the robot proposed here draws inspiration 

from biological sources, primarily animals, such as the 

salamanders and inchworms. In the natural world, salaman-

ders will produce a variety of defensive postures in the face 

of predator threats, such as curling the body to reveal the 

abdomen or arching the body to highlight the warning color 

(Figures 3(a) and (b)), some will also secrete skin venom, 

and some will break the tail to escape [31]. There is a spe-

cies of terrestrial salamander (Hydromantes Platycephalus) 

in the Sierra Nevada Mountains of California that, when 

encountering a predator or when frightened, will quickly 

curl its body into a wheel shape and promptly roll down the 

slopes of rocky surfaces much faster than they can run on 

them (Figure 3(c)). This shape is achieved by bending the 

body laterally until the head is above the pelvis, the tail is 

curled ventrally, and the limbs are close to the body [32]. 



 

Another important biological organism, an inchworm, could 

use simple body bending to crawl above a rough substrate 

via alternating friction (Figure 3(e)), and many researchers 

have conducted extensive works in designing inch-

worm-inspired soft robots [33]. In addition, cockroaches 

can use their flexible limbs to traverse a variety of narrow 

gaps and rugged terrain. RHex is a cockroach-inspired, 

hexapod robot designed for locomotion in rough terrains 

(Figure 3(d)). It can drive over rocks, mud, sand, snow, and 

railroad tracks [13]. Inspired by the salamanders, inch-

worms, and cockroaches, a soft hexapod robot with multi-

modal motion named “SoSpider” is developed in this con-

tribution. Differing from the majority of soft robots re-

stricted to a single mode of motion, this innovatively de-

signed robot can walk and run flexibly on complex grounds 

like a cockroach, roll down a slope like a salamander, pronk 

like a young deer, and crawl like an inchworm (Ome-

ga-arching locomotion). It can also achieve active rolling by 

utilizing the pushing action of its legs, like a golden wheel 

spider. Figure 2 also demonstrates the various locomotion 

styles of the proposed bio-inspired robot when it encounters 

different terrain environments. The robot can switch be-

tween different movement styles depending on the terrain, 

saving energy, and improving performance over obstacles as 

much as possible. 

 

Figure 2  Lunar lava tube structures and bionic robot motion design concept, the background of lava tubes sourced from [34], Copyright © 2014 Elsevier. 

 

Figure 3  (a) and (b) Antipredator posture of Taricha rivularis with forebody elevated [31], Copyright © 1977 American Society of Ichthyologists and 

Herpetologists (ASIH); (c) hydromantes platycephalus in the posture during rolling behavior [32], Copyright © 1995 Society for the Study of Amphibians 

and Reptiles; (d) a biologically inspired RHex robot [35], Copyright © 2016 IOP Publishing Ltd; (e) the inchworm crawling above branches [33], Copyright 

© 2022 American Association for the Advancement of Science (AAAS).

2.2  Bionic Locomotion Mechanisms 

The proposed robot incorporates three fundamental motion 

modes: walking, rolling, and Omega-arching locomotion, 

drawing inspiration from various biological mechanisms. 

Walking is achieved by employing rotating joints that simu-

late the walking motion of cockroaches’ legs. Additionally, 



 

the pronk motion can be realized by simultaneously oscil-

lating all six legs back and forth, interacting with the 

ground.  

For the rolling mode, the robot’s body is designed to curl 

up into a wheel-like shape similar to salamanders. To 

achieve this, a pneumatic network is employed, enabling the 

body to transform into a wheeled configuration. Rolling can 

be categorized into two cases: active rolling and passive 

rolling. Passive rolling utilizes the force of gravity on 

sloped terrain to achieve movement, while active rolling 

relies on the propulsion generated by the legs. Moreover, 

the curled wheeled structure provides protection for the in-

ternal electronic components and driving units of the robot. 

The Omega-arching locomotion of inchworm consists of 

multiple motion segments, with only the first and last seg-

ment touching the ground, while the middle segment bends 

into an Omega shape and provides the driving force through 

its muscle contraction and extension to move it forward. 

The middle part of the inchworm does not touch the ground, 

and only realizes its movement by alternating the two ends 

of the head and tail. This motion can be achieved by the 

control of on-off switching of the curl up pneumatic body 

and adjusting the friction of the robot’s front and rear feet. 

2.3  Robot Design and Fabrication 

The parts of the proposed soft mobile robot were designed 

using a computer aided design (CAD) software and were 

mainly fabricated from PLA plastic molds constructed with 

a 3D printer. The main structure of the robot body was in-

spired by pneumatic networks [36, 37] and the spine of liv-

ing creatures. Figure 4(a) shows that the main soft body was 

divided into four parts during fabrication. Each part is 

molded in one piece using a silicone rubber (Dragon Skin 

20, Smooth-On) and then bonded together with the same 

raw materials. The main curl module at the bottom achieves 

full body curl and head elevation when crossing the barriers. 

The fish spur-shaped design of both sides is for lateral 

bending and turning of the body. There are also separate air 

chambers underneath the turning module that are connected 

to the main curl module chambers through ventilation holes 

to serve as assistant curls. The servos to drive the walk and 

roll are placed in the slots position and are connected by 

long double-headed bolts through the limitation layer. 

Magnets are placed in the four corner chambers to aid shape 

retention after curling up.  

The corresponding molds fabricated by a 3D printer are 

assembled, as shown in Figure 4(b). The definition and spe-

cific values of these chambers’ dimensions are shown in 

Figure 5 and Table 1 separately. The design goals primarily 

involve minimizing actuating pressure and body mass while 

ensuring the structure maintains sufficient stiffness to resist 

damage or distortion caused by its own weight. These di-

mensional parameters were optimized values obtained by 

the RecurDyn simulation described in the next section 

which is verified by physical experiments. The overall size 

is designed with the reference to the lunar rover wheels, and 

the pneumatic unit is divided into 18 parts to strike a bal-

ance between reducing the angle of equal division and re-

ducing the manufacturing difficulty. Additionally, the design 

experience in the literature is also very important for the 

determination of our design parameters [36, 38]: 

(a) Thinner chamber walls generally lead to higher force 

output and require lower pressure for achieving maxi-

mum deformation;  

(b) Increasing the chamber height tends to increase the 

force output while having minimal impact on the tra-

jectory of the actuator tip;  

(c) For fixed-length actuators, increasing the chamber 

height reduces the required pressure up to a certain 

threshold;  

(d) Increasing the number of chambers also reduces the 

required pressure;  

(e) Increasing the chamber wall thickness results in a high-

er required pressure. 

The SoSpider has six 3D-printed semicircle legs, in 

which each leg is actuated by a single servo motor 

STS5420M (Feetech, Shenzhen) with a maximum torque of 

25 kg·cm. We have designed the driving controller based on 

a single-chip microcomputer. The main control board is an 

integrated multi-functional custom printed circuit board 

(PCB) with microprogrammed control unit (MCU) of 

STM32F405, including servo motors (DC7.4 V) control, a 

mini pump (ZR370-03PM, DC12 V) and mini solenoid 

valves (DC12 V, Spike, Ningbo) control, pneumatic pres-

sure sensors (WF100DP, 100 kPa), and an inertial meas-

urement unit (IMU, BMI088). A lithium battery (7.4 V, 

1500 mAh, 25C) is placed directly below the PCB. A wire-

less image transmission camera (5.8 G) is placed on the 

head of the robot for environmental exploration. By using 

pressure feedback and establishing the correlation between 

input pressure and the robot's body deformation angles, it 

becomes possible to determine the structural state of the 

robot. Additionally, the IMU sensor can be utilized to 

measure changes in acceleration, enabling the calculation of 

the robot's pose. The camera can provide real-time image 

transmission to an upper-level computer for environmental 

detection and future robot control. This allows the robot to 

select suitable motion modes based on its perception of the 

surroundings. The final prototype is shown in Figure 6. The 

overall mass of the prototype is 1.9 kg. The pneumatic solu-

tion is designed with a length of 306 mm, a width of 104 

mm, a thickness of 48 mm for the flexible module part, and 

a maximum outer diameter of about 204 mm for the wheel 

shape formed after curling up (the outer diameter of the 

edge is about 186mm, the wheeled shape as shown in Fig-

ure 12(b)). The robot’s C-shaped legs can be easily replaced 

with different radii or configurations. The height of the 

C-shaped leg shown in the figure is 50 mm, and the leg 

width is 12 mm. Besides, we stick sandpapers to increase 



 

the friction on the bottom of the foot. 

 

(a) 

 

(b) 

Figure 4  (a) 3-D model of the soft hexapod robot design; (b) 3D-printed 

molds for the silicone pneumatic networks. 

 

Figure 5  (a) Top view of a single pneumatic network cross section; (b) 

front cross-sectional view the chambers. The symbols in (a) and (b) are 

descripted in Table 1 

 

Table 1  Main structural dimensions of pneumatic networks (Units: mm) 

Description 
Sym-

bols 

Main curl 

part 

Assistant  

curl part 

Turning  

part 

Inside length of the air 
chamber 

a 8 5 5 

Wide of a single network b 36 37 23 

Thickness of the top wall c 4 4 4 
Gap between adjacent 

chamber 
d 3 6 6 

Thickness of the connec-

tion part 
e 5 5 5 

Thickness of the inside 
lateral wall 

f 3 3 4 

Thickness of the outside 

lateral wall 
g 3 4 4 

Height of the air chamber h 25 21 30 

Height and width of the 

air path 
k 3 3 3 

Outside length of the air 

chamber 
l 14 11 11 

Thickness of limit layer t 15 — 36 

2.4  Robot legs control 

A PID controller was used in the servo motors’ position 

control. Tripod gait is the most commonly used in hexapod 

robots, in which legs’ arrangement is divided into two 

groups, where {1, 4, 5} are the first group, {2, 3, 6} are the 

second group with different phases. Here the odd numbers 

are on the left side of the body, and even numbers are on the 

right side (as shown in Figure 6). The legs’ phases typically 

divide into off-ground and ground contact phases corre-

spond to fast and slow phases during hard ground locomo-

tion. As shown in Figures 7(a) and (b), the fast and slow 

phases are implicitly defined by the triplet {θs, θ0, df}, 

where θs is the angular extent of the slow phase, θ0 is the 

angular location of the center of the slow phase, and df = ts / 

tc is the duty factor of the slow phase. Then the control vec-

tor for a single leg can be written as u = {θs, θ0, tc, ts}. For 

instance, if at the initial moment, all the legs are positioned 

at 180°. When the control vector is set to {60°, 30°, 3 s, 1.2 

s} for the tripod gait, Figure 8(a) illustrates the angle varia-

tion of each leg over time based on the feedback received 

from the servo motors. The controller for turning in place 

employs the same leg profiles as for running except that the 

contralateral set of legs rotates in opposite directions. Turn-

ing during forward locomotion can be achieved by using 

different perturbations as the control vector ul = {θs, θ0 + 

Δθ0, tc, ts + Δts}, and ur = {θs, θ0 − Δθ0, tc, ts − Δts} for the 

legs on the left and right side, respectively. Besides, turning 

locomotion can also be easily achieved using the pneumatic 

turning part.  

An open loop pronk is an uncommon single-beat gait 

where all six feet leave the ground and land at the same time, 

which is inspired by young deer and springbok for its habit 

of repeatedly leaping high into the air when startled [39]. 

The controller switches between two control actions peri-

odically as a function of the clock state, as shown in Figures 

7(c) and (d). Furthermore, the motion cycle of the six legs 

remains consistent, with a repetitive swinging motion from 

front to back. When the control vector is set to {60°, − 30°, 

3 s, 1.2 s} for the pronk gait, Figure 8(b) illustrates the an-

gle variation of each leg over time based on the feedback 

received from the servo motors. It should be noted that the 

direction of rotation of the servos on both sides of the robot 

is opposite during actual control. 



 

 

Figure 6  Prototype of the SoSpider 

 

Figure 7  (a) Each leg is composed of a fast phase (red) and a slow phase (blue) in the tripod gait, θs and θ0 (leg angle offset with respect to the vertical) 

define the angular extent and center of slow phase; (b) leg angle θ as a function of time t during one period tc, ts is the duty of the slow phase, td is the dura-

tion of all six legs are contact with the ground, the phase of the other tripod is shifted by tc /2; (c) each leg oscillating in the same phase of the pronk gait, 
where θ0 is the center of the sweep angle θs; (d) leg position profile as a function of time t in pronk gait, where tc is the gait period, and ts is the time from 

aerial to touchdown.  



 

 

 

Figure 8  (a) The angle variation of each leg over time for the tripod gait; 

(b) the angle variation of each leg over time for the pronk gait. 

3  Modeling and simulation 

3.1  Simulation framework 

Unlike rigid robots driven mainly by electrical motors or 

hydraulic actuators, soft robots have various actuation 

methods, including but not limited to pneumatic, ca-

ble-driven, and intelligent materials like shape memory al-

loys. Although the actuation principle is complex, it can be 

simplified using distributed pressure, equivalent springs, 

equivalent forces, or moments [30]. For soft robots or rig-

id-flexible coupled robots, we have developed a set of cor-

responding dynamics modeling and simulation processes, 

the details of which are shown in Figure 9. The simulation 

was conducted in the RecurDyn software with an import 3D 

model designed for the simplified prototype. In our case, the 

upper drive part is not considered, and the servos and legs 

are kept in line with the prototype’s weight by giving the 

corresponding density. The soft silicone body is meshed 

with hexahedral elements and a hyperelastic material model 

is assigned. Hexahedral elements are used as they can better 

resemble the hyperelastic stress-strain relationship under 

large deformations. In addition to constraints and rotating 

joints, the definition of hyperelastic material properties and 

contacts is the most critical and is described in the next sec-

tion. 

 

Figure 9  Dynamic Finite Element (FE) modeling and simulation framework for the soft robots. 

3.2  Hyperelastic constitutive model 

To develop a simulation of a soft robot, it is first necessary 

to determine its material parameters. The properties of rigid 

materials can be easily obtained by consulting manuals or 

existing material libraries. However, material parameters of 

soft materials, especially silicone of different hardness, need 

to be obtained through experiments. Although the relevant 

literature has reported many experimental works [40], a 

more reliable way is to conduct experiments again to deter-

mine the material parameters, as there may be differences in 

the manufacturing process and environment of materials. 

Due to the nonlinear relationship between stress and strain 

of the soft silicone polymer, its properties are described by a 

hyperelastic constitutive model. Among the constitutive 

models for hyperelastic materials, the Ogden model can 

provide a more accurate description than the neo-Hookean 

model or the Mooney-Rivlin model, especially at large de-

formations [41]. The expression of the Ogden model is as 

follows: 
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where μi and αi are empirical material constants, N is the 

number of terms, λi is principal stretches. Besides, the sili-

cone material’s Young’s Modulus (E) can be obtained as 

follows: 
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where G is the shear modulus, E is the Young’s Modulus, 

and v is the Poisson’s ratio. 

For the Dragon Skin 20 soft silicone material, the Ogden 

model parameters were obtained based on a nonlinear 

least-squares method and Levenberg-Marquardt algorithm 

[40] by fitting the data obtained from uniaxial stretching 

experiments. The results of tensile tests and data fitting are 

shown in Figure 10. The fitted coefficients are as follows: μ1 

= − 0.6830, μ2 = 0.8864, μ3 = − 0.1750, α1 = 5.1017, α2 = 

5.1673 α3 = 5.4285, all the μ terms have units of MPa while 

all the α terms are dimensionless. In addition, the shear 

modulus (G) of the material can be obtained as 72.8 kPa, 

the Young’s Modulus (E) can be obtained as 218.4 kPa from 

Equations (2) and (3), with a Poisson’s ratio of 0.5 for in-

compressible material. The Young’s modulus can be further 

used to calculate the contact parameters as shown in the 

following section. 

 

Figure 10 The uniaxial tension test results and data fitting curves. 

3.3  Contact model 

The simulation model involves many contacts, including the 

foot-terrain interaction, contacts between each pair of 

pneumatic networks, and contacts between the soft body 

and ground. The setting of the contact model and contact 

parameters is crucial to the success of the simulation. The 

“Geo Surface Contact” in RecurDyn software was selected 

to represent the interaction mechanics as it is suitable for the 

analysis of flexible bodies and has a higher computational 

efficiency. A “Geo Surface Contact” is a General Geometry 

Contact which can analyze the contact between any kinds of 

geometries. The geometry can be a rigid body or a flexible 

body and they can have any kind of shapes. While, its basic 

contact mechanism is still based on Hertz contact model. 

The contact model is generally divided into two parts: the 

model in the normal direction and the model in the tangen-

tial direction [42, 43]. The normal force is calculated as 

follows: 

 31 2

N | |
| |

mm m
F k c


  


= +  (4) 

where k and c are the stiffness and damping coefficients, 

respectively. δ and   are a penetration parameter and its 

time differentiation, respectively. m1, m2, and m3 are the 

stiffness, damping and indentation exponents, respectively. 

The stiffness coefficient that is based on the Hertz contact 

theory [44] is calculated using the following equations: 
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where R is an equivalent contact radius, R1 and R2 are the 

contact radii of the contact pair, Ek is an equivalent Young’s 

Modulus, E1 and E2 are Young’s Modulus of the materials in 

contact, and v1 and v2 are Poisson’s Ratios. These parame-

ters can be used to solve for contact stiffness and apply it in 

practice to robot simulation. 

The friction force is determined as follows [45]: 

 T N( )F v F=  (8) 

where FT is the friction force, μ(v) represents friction coef-

ficient that is determined by the tangential relative velocity 

(v) on the contact point, and FN is the normal contact force. 

4  Experimental and Simulation Results 

4.1  Basic deformation analysis 

The turning and curling parts are modeled separately to 

simplify the model. The maximum mesh element size is 5 

mm, the minimum element size is 0.75 mm, the number of 

elements of the turning part is 31,887, and the number of 

elements of the curling part is 37,078. Equations. (5)-(7) are 

used to calculate the stiffness coefficient and the radius of 

the contact pair was usually set as R1 = R2 = 5 × 105 mm for 

the face-to-face contact. The rigid surface of the servo mo-

tor is aluminum material with Young’s Modulus of 70 GPa, 

and Poisson’s ratio of 0.32. The stiffness coefficient is 97 

N/mm between the silicone and silicone (Dragon skin 20), 

and 194 N/mm between the silicone and the rigid surface. 

Besides, the numerical value of damping coefficient is usu-

ally set as c = k/104 based on experience. The stiffness, 



 

damping and indentation exponents are set to their default 

values, with m1 = 2, m2 = 1, and m3 = 2. Friction between 

pneumatic networks is not considered, hence the friction 

coefficient is set to 0. 

As shown in Figures 11(a) and (b), the simulation model 

and prototype can turn up to 60°. The relationship between 

the input pressure and output turning angle is shown in Fig-

ure 13(a). The curl-up simulation model and prototype can 

also reach the design goal as they can curl up to a wheeled 

shape under 55 kPa. The snapshots of the curl-up simulation 

and experiment are shown in Figure 12. The simulation can 

reproduce the prototype’s deformation process, and the rela-

tionship between the curl deformations’ input pressure and 

output bending angle of the half curl-up part is shown in 

Figure 13(b). From the experimental results, as shown in 

Figure 13, we can find a significant difference in the defor-

mation of the module during inflation and deflation, mainly 

due to the viscoelasticity and the Mullins effect of the soft 

silicone material. In the turning part, the mean relative error 

between the simulation results and the experimental average 

values is 26.98%. In the curl-up deformation, the mean rela-

tive error is 14.59%. It is important to note that the zero 

values at the beginning were not included in the error cal-

culation. The sources of error can be attributed to two fac-

tors. On the one hand, errors may arise from simplifying the 

model and inaccuracies in simulating materials or contact 

parameters. On the other hand, errors can occur due to the 

measurement of experimental data. In the turning compo-

nent, the larger error can be attributed to the increased gap 

between adjacent chambers and the presence of a servo 

motor in the middle of the turning part. 

 

(a) 

 

(b) 

Figure 11  (a) The snapshot of simulation results of the turning part un-
dergoing inflation at a pressure of 80kPa; (b) the experimental result snap-

shot of the turn part undergoing inflation at a pressure of 80kPa. 

  
(a) (b) 

Figure 12  (a) The snapshot of simulation results of the curl-up part un-

dergoing inflation at a pressure of 55 kPa; (b) the experimental result 

snapshot of the curl-up part undergoing inflation at a pressure of 55 kPa. 

 

 

Figure 13  (a) The relationship between the air pressure of the turning 

part and the bending angle; (b) the relationship between the input air pres-

sure and the curl up angle of the half curl-up part. 

For future robot analysis and control, we fitted the aver-

age value of the experimental results and obtained the for-

mulas for the air pressure and deformation angle, as shown 

below.  

 n

2

Tur 0.01094 0.1219 0.09508P P− − =  (9) 

 l

2

Cur 0.06917 0.5548 3.96P P− + =  (10) 

where ΦTurn and ΦCurl are the bending angle of the turning 

part and curl-up part, respectively, and P represents the in-

put pressure. 

4.2  Pronk under lower gravity 

Simulation studies are particularly valuable in scenarios 



 

where experimental testing is not feasible, such as simulat-

ing outer space environments like the extraterrestrial condi-

tions. Due to the robot’s mass and servo power limitations, 

it is currently difficult to achieve fast pronk in the Earth’s 

gravity environment. The experimental results with the con-

trol parameters as θ0 = − 30°, θs =60°, tc =0.5 s, and ts =0.2 s 

are depicted in Figure 14, the pronk gait can achieve for-

ward movement but cannot achieve obvious jumping. 

However, the gravity of extraterrestrial environments differs 

from that of the Earth, and space systems often require sig-

nificant financial and human resources to conduct 

low-gravity experiments. Simulation can effectively reduce 

the cost of analyses. The low gravity environment also fa-

cilitates the movement of the robot to overcome gravity and 

save energy on the one hand. The gravity on the Moon, 

Mars, and the Earth are known to be GMoon = 1.6 m/s², GMars 

= 3.7 m/s², and GEarth = 9.8 m/s², respectively. Here we sim-

ulate the pronk locomotion under the Moon and the Mars 

gravity with the same control parameters. Besides, here we 

used legs with a diameter of 60 mm and 5/8 wheeled shape 

to increase the touchdown area and avoid overturning. 

Moreover, a pressure of 10 kPa was acted on the curl part to 

promote the stiffness of the soft robot body. The snapshots 

of simulation results under the Moon gravity environment 

are shown in Figure 15. Figure 16 illustrates the displace-

ment of the body’s center of mass in horizontal and vertical 

directions. It can be seen that the low gravity environment 

helps to improve the robot’s motion efficiency and reduce 

the fluctuation of the body.  

 

Figure 14  Experimental results of the robot’s displacements under 

Earth’s gravity condition using the pronk gait. 

 

Figure 15  Simulation snapshots of pronk gait locomotion under the Moon gravity condition. 

 

Figure 16  Simulation results of the displacements in horizontal and 

vertical directions under the Mars and Moon gravity conditions. 

4.3  Rolling performances 

Rolling motion is ideal for rapid movement over flat terrain 

and rapid descent from slopes using gravitational potential 

energy, saving energy and protecting internal electronics. 

The experiment with free rolling is shown in Figure 17 with 

a slope of 12.7°. This slope is set up using a stationary 

treadmill. The robot’s main body is made of silicone mate-

rial, and 18 pneumatic units after curling only approximate 

wheel shape. Due to not being infinitely close to a cylindri-

cal shape and the presence of soft material deformation, 

when the slope of this testbed is less than 12°, the robot will 

still be stationary on the slope after curling but can roll 

down after being disturbed. When the slope is greater than 

12°, the robot can overcome resistance to roll down under 

the action of its gravitational potential energy, like the sal-

amanders roll down from the hill, as shown in Figure 3(c). 

In this paper, we used Kinovea (Version 0.9.5, Charmant, J. 

et al. https://www.kinovea.org) software to process the mo-

tion videos, where we can get the displacement, velocity, 

and acceleration of the marker point through the motion 

video. Figure 17 also shows the motion trajectory and ac-

celeration of the marker point on a servo at the critical mo-

ment. More details of the passive rolling motion can be 

found in the Supplementary Video S1.  

The SoSpider can be rolled down passively on slopes by 

gravity. While on a flat terrain, it can also be driven by the 

C-shaped feet to roll the body. As shown in Figure 18, we 

increased the height of the leg structure to 65 mm to in-

crease its force arm to push the robot to roll. Accordingly, 

the width of the entire prototype has also changed, and the 

front and back staggered distribution to avoid interference 

https://www.kinovea.org/


 

between the legs. The widest point of the entire machine is 

211 mm. In this experiment, the inflation time is 48 s, and 

the six legs are divided into three groups, the front {1, 2}, 

middle {3, 4}, and back {5, 6}: the left and right sides are 

driven simultaneously. Each group of legs rotate from 180° 

to 0°, touches the ground, and then quickly recovers 180° 

again. The swing interval is 0.8s. Through several experi-

ments, the robot can roll 1 ~ 1.5 revolutions under this drive 

condition, which is also related to the battery level, as the 

magnitude of the servo torque depends on the voltage. In 

Figure 18, the robot is in an Omega shape after deflating at 

the rolling end, and the marked point’s horizontal relative 

displacement is about 890 mm. The instantaneous rate of 

the marked point shown in the figure is up to 0.74 m/s, and 

detailed actions are shown in Supplementary Video S2. 

Currently, the robot is open-loop controlled and can stop 

rolling by interaction with the ground in a flat terrain. After 

the robot is stopped, in one case, it is in the same pose as in 

the initial case; and in another case, it is in the Omega shape 

as shown in the figure; even so, the robot can continue its 

travel by changing its motion pattern, as shown in Section 

4.4. 

 

Figure 17  SoSpider passive rolling down from the slope, the red line shows the trajectory of the marked point on the middle servo, and the marked value is 

the instantaneous acceleration. 

 

Figure 18  Snapshots of active rolling motion experiment, the red line shows the point trajectory of the middle servo’s rotation axis with instantaneous 

velocity of the marked point. 

4.4  Omega-arching locomotion 

The Omega-arching locomotion is achieved using different 

friction strategies between the front and the rear feet. Since 

the robot body is a symmetrical structure, its creep direction 

is determined by the arrangement of the legs. Here we de-

signed a pair of feet with different structures and frictions 

for creeping forward, as the inchworm shown in Figure 3 

(e). The front end of the forefoot is inclined at 60°, and the 

rear end of the hind foot is inclined at 70°. We increase the 

friction on the bottom of the foot by applying silicone pads 

at different locations. In addition, the bottom part of the 

circuit board also added a protective shell. When inflation 

begins, the bottom surfaces of the front and rear feet make 

contact with the ground. The friction between the bottom 

surface of the front foot and the ground is greater than that 

of the rear foot. As a result, the front foot anchors while the 

rear foot slides forward. Once the body reaches a certain 

shape after inflation, both the front and rear feet gradually 

transition to make contact with the ground on their respec-

tive sides. At this point, the inflation is stopped, and the 

deflation process begins. Due to the higher friction at the 



 

side of the rear foot compared to the front foot, the rear foot 

anchors during deflation while the front foot moves forward. 

This continues until the gas is completely expelled, com-

pleting one crawling motion. This process repeats cyclically, 

enabling continuous movement.  

 

Figure 19  Snapshots of the Omega-arching locomotion in one period, 

where the red line indicates the trajectory of the marked point, and the 

marked value is the instantaneous displacement. 

The period for the Omega locomotion was set as 20 s for 

inflation and 7 s for deflation. The maximal input pressure 

in one cycle is about 50 kPa. The experimental snapshots 

are shown in Figure 19, and the horizontal relative dis-

placement results are shown in Figure 20. The average dis-

placement in one period is 70 mm, and the maximum value 

can reach 97 mm in one cycle movement. A locomotion 

video can be found in Supplementary Video S3. Although 

the movement speed of this mode is limited, the Ome-

ga-arching locomotion can be employed as an alternative 

mode of movement, especially in situations where there is a 

failure in the legs or motors. This type of locomotion allows 

the robot to continue moving forward, significantly en-

hancing the overall reliability of its mobility, especially in 

unknown space exploration environments. 

 

Figure 20  The horizontal relative displacement results versus times in 

Omega-arching locomotion experiments. 

4.5  Adaptability experiments 

The control vector {θs, θ0, tc, ts} for the wheeled leg with 

variable speed motion is set to {60°, 30°, 3 s, 1.2 s} accord-

ing to the control strategy as shown in Figures 7(a)–(b) and 

Figure 8. In addition to the most commonly used tripod gait, 

the robot can also use a synchronized gait in which all six 

legs move simultaneously without phase differences. As the 

lava tube floors have congested pathways, cracks, and 

slopes, it is necessary to test the traversal capability of the 

robot gaits. In addition to rolling down from a slope and 

locomotion on level ground, the proposed robots can also 

adapt to some other environments, such as crawling up to 

the slope, turning during the forward locomotion, and navi-

gating rocky and obstacle terrain (recorded in the Supple-

mentary Videos S4-S7). 

Currently, the robot can crawl up to a slope of 35° using 

a tripod gait or synchronized rotation gait (shown in Figure 

21(a)). When using the lower height C-shaped legs (50 mm), 

the robot can also climb slopes up to 37.5° due to the low-

ered center of mass. Figure 21(b) shows the robot crawling 

up to the slope of 37.5° using a tripod gait. The robot can 

also realize the turning during the forward locomotion by 

using the inflatable bending deformation of the bionic spine, 

as shown in Figures 21(c) and (d) for the left and right turns 

under the triangular gait, respectively. Climbing and turning 

are recorded in Supplementary Videos S4 and S5, respec-

tively. 

Various movement patterns can be generated by combin-

ing C-shaped legs and a soft pneumatic body. When the leg 

height is lower than the obstacle, the body is easily blocked 

by the obstacle. Here by using the bionic soft pneumatic 

body and inflating the front half to raise the head, the robot 



 

can get through the obstacle with a height of 70 mm (see 

Figure 21(e) and Supplementary Video S6). For debris and 

rock steps that may be encountered in the lava tube terrain 

of Mars or the Moon, we used Martian rubble substitutes 

and rock slabs to simulate lava tube step terrain and test the 

adaptive performance of the robot. Figures 21(f)–(h) show 

the snapshots of test results. The robot can easily navigate 

gravel and rocky terrain and roll down slate slopes. Details 

can be found in Supplementary Video S7. 

In Table 2, a comprehensive comparison is presented 

between SoSpider and other robots inspired by organisms in 

nature or designed for space exploration. Where BL/s means 

body lengths per second in Table 2. For length-scale refer-

ence, the robot is 100 mm by 150 mm when flattened, and 

70 mm diameter by 150 mm when rounded, for the 

shape-change soft robot [11]. The length dimensions of the 

3D printed frame for the bistable soft actuator is 51.75 mm 

[10]. SoSpider stands out by accomplishing not only basic 

movement functions like walking, crawling, and rolling but 

also by being capable of untethered movement without the 

need for additional wire or tube ties. Moreover, this unteth-

ered design, coupled with its diverse range of motion modes, 

enhances the reliability of the robot’s movement and ena-

bles it to explore a wide variety of environments. Conse-

quently, SoSpider exhibits great potential for planetary ex-

ploration.  

 

Figure 21  (a) Climbing 35° slopes using synchronized rotation gait;(b) climbing 37.5° slopes using a tripod gait; (c) right side inflation for the left turn of 

tripod gait; (d) left side inflation for the right turn of tripod gait; (e) front inflatable to achieve 70 mm height over the barrier; (f) walking on the rubble slope; 

(g) climbing up the stone steps; (h) rolling down the slope of the slab. 

Table 2  Comparison with related robots  

Robots 
Walking / 

Running 

Rolling / 

Wheeled 

Crawling / 

Worming 

Pronking / 

Jumping 

Untethered 

locomotion 

SoSpider (Our robot) 
√ 

>0.1 m/s 

√ 

>0.7 m/s 

√ 

>0.003 m/s 

√ 

>0.03 m/s 
√ 

GoQbot [6] × 
√ 

>0.5 m/s 
√ × × 

SSR [7] √ √ × √ √ 
ARES [8] × √ × √ √ 

SomBot [9] × 
√ 

0.948 m/s 
× × × 

Robot using bistable soft actuator [10] 
√ 

0.07 BL/s 

√ 

1.33 BL/s 

√ 

0.08 BL/s 
√ × 

Shape-change soft robot [11] × 
√ 

0.05 BL/s 
√ 

0.01 BL/s 
× × 

RHex [13] 
√ 

0.55 m/s 
× × 

√ 

0.974 m/s [46] 
√ 

Soft-legged wheel-based robot [14] × 
√ 

0.209 m/s 

√ 

0.038 m/s 
× √ 

Axel [18] × 
√ 

0.1 m/s 
× × × 

PUFFER [19] × √ × × √ 

Super Ball Bot [20] × √ × × √ 

Soft-growing robot [21] × × 
√ 

4.8 m/s 
× × 

 

5  Conclusions and discussions 

This work designed and fabricated a bio-inspired multi-

modal soft pneumatic hexapod robot named SoSpider using 

silicone pneumatic networks and servo motors driven 

C-shaped legs for future planetary lava tube exploration. A 

rigid-flexible coupling FE dynamic simulation model was 

established for the soft hexapod prototype. The main soft 

body’s fundamental bending and curl-up deformation was 

tested in simulation and experiments. The results have 

shown good agreement, justifying the design concept. The 

pronk gait was realized in dynamic simulation with simu-



 

lated low gravity environments on the Moon and Mars. 

Other locomotion types, including passive or active rolling, 

inchworm-like Omega-arching, and walking and turning on 

different barrier conditions, were all demonstrated in the 

untethered experiments. The robot not only has a wealth of 

movement modalities but also demonstrated robust obsta-

cle-crossing performance, climbing a 37.5°slope, walking 

over 70 mm high obstacles, and navigating gravel terrains. 

Our robot prototype, especially its design and development 

process, can provide a reference for the innovative design of 

bionic robots. Our simulation framework also plays a cru-

cial role in optimizing the design and conducting dynamic 

simulations for robots intended for extraterrestrial planet 

exploration. 

Although some of the robot’s performance could have 

been further optimized, all the intended design goals were 

achieved. The robot’s bionic motion potentials are to be 

further explored. The proposed robot and simulation 

framework can potentially be applied in planetary explora-

tions. However, there are limitations and possible alterna-

tives. First, about the materials, we have not considered the 

extreme environment in outer space, like various radiation, 

high-energy particles, and extreme temperatures that could 

cause structural performance degradation or failure. More 

interdisciplinary research can be conducted in the future. 

Second, pneumatic actuation has certain application limita-

tions in a vacuum environment like lunar, but it can be 

solved by carrying compressed gas cylinders or by chemical 

reactions to generate driving pressure. In addition, other 

actuation methods, such as cable-driven or shape memory 

alloys, can be used to achieve the same deformation. Third, 

FE simulation can help reduce experimental costs effective-

ly. However, the computational time required for the simu-

lation is of concern, which primarily depends on the per-

formance of the Central Processing Unit (CPU) and the 

number of soft elements in the simulation. There is still a 

possibility of optimization in this area. 

In future research, we will focus on optimizing the inter-

nal structure of the robot by fully enclosing the crawling 

foot within the curled body. We also plan to integrate all 

power and actuation components inside the soft body, using 

a flexible control board with soft sensors for a more inte-

grated prototype. Furthermore, closed-loop and states tran-

sition control will be a research focus to enhance the intel-

ligence of the robot. 

Availability of data and materials 

The datasets used and/or analysed during the current study 

are available from the corresponding author on reasonable 

request. 

Supplementary Material 

Supplementary Video S1: Passive rolling down from the 

slope. 

Supplementary Video S2: Active rolling on a flat surface. 

Supplementary Video S3: Omega-arching locomotion on 

a flat surface. 

Supplementary Video S4: Climbing up to slopes. 

Supplementary Video S5: Turning left and right using a 

tripod gait with the pneumatic turning part. 

Supplementary Video S6: Crossing vertical obstacles. 

Supplementary Video S7: Walking and rolling in a terrain 

environment that simulates a lava tube. 
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