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Abstract 

WORMESH-II, which is the second prototype in the WORMESH series, is inspired by a flatten and soft-bodied fatworm, 
and its uniqueness is the use of multiple travelling waves for locomotion. In this paper, the sidewinding locomotions 
for WORMESH-II are talked about. This is because sidewinding is one of the most effective ways to traverse sandy 
terrain. The mathematical model of the sidewinding locomotion kinematics of WORMESH-II explains how synchro-
nous multiple sidewinding waves can be used to control the movement of the robot effectively. Unlike WORMESH’s 
pedal-wave locomotion, sidewinding gaits allow the robot to be manoeuvred in any direction without changing 
the joint sequence. Relative to the wave propagation direction, velocity in the longitudinal direction is dependent 
on the vertical component of sidewinding travelling waves. Moreover, velocity in the transverse direction depends 
on the horizontal component of sidewinding travelling waves. The velocity in the longitudinal direction becomes 
zero when the phase shift of the travelling waves equals π rad. The angular velocity around the instantaneous 
centre of rotation depends on the wave amplitude of the horizontal component of the sidewinding travelling wave 
along the kinematic chains, and the turning radius is proportional to the amplitude gradient along the kinematic 
chains. The dynamic simulation of WORMESH-II and testing with the WORMESH-II prototype confirmed the proposed 
method, which was based on the metamathematical explanation of locomotion.
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Introduction
Limbless locomotion is one of interesting locomotion 
methods developed based on the locomotion of several 
biological creatures. Snake [1], worm [2], inchworm [3], 
and caterpillar [4] are the most popular examples for 
limbless locomotion robots. Intrinsic narrow construc-
tion of these robots uses for inspecting pipes and narrow 
spaces. The mobility of such a robot system is simply con-
trolled by rhythmic body motion base locomotion gaits. 
The majority of these robots are comprised of an open 
kinematic chain composed of serially interconnected 

links. These robots create locomotion by employing a 
single body wave along the kinematic chain. However, 
locomotion using multiple body waves has been hardly 
discussed.

Our previous publications in [5, 6] introduced a new 
robot concept called WORMESH as an inspiration of 
flatworm’s locomotion (Fig. 1). Flatworms use two trav-
elling waves along two sides of their body when swim-
ming in the water and crawling on the surface (Fig. 1). 
Thus, WORMESH was designed to use multiple loco-
motion gaits with multiple travelling waves. For exam-
ple, a robot having one dimensional cord-like structure 
similar to a snake propagates one body wave to gener-
ate its motion. On the contrary, WORMESH has two 
dimensional cloth-like structure, and multiple travel-
ling waves were used to generate locomotion [5]. Fig-
ure 2 shows the concept of WORMESH. Use of flexible 
mesh-like structure in WORMESH leads to crawl on 
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the surface, walk on uneven surface, and transport and 
manipulate an object. In [7] describes the joint system 
implementation and pedal wave locomotion of the sec-
ond prototype WORMESH-II.

When it comes to research on flattened robots that look 
like cloth, for example, SheetBot [8] can be mentioned. In 
SheetBot, which aimed to establish autonomous decen-
tralised control, there was no discussion of the theory 
of movement via travelling waves, and the mechanical 
model developed was a one-dimensional model similar 
to that of conventional snake-like robots. Additionally, 
the flexible sheet-based Loco-Sheet [9] was designed to 
traverse discretely elevated terrains such as stairs, but its 
locomotion performance was limited due to its structure 
and number of degrees of freedom (DOF). In [10], the 
movement of a 2D travelling wave on the piezoelectric 
plate was discussed. It utilised four piezoelectric motors 
that generated travelling waves by inducing resonance on 
the attached flat plate, nonetheless its design restricted 
its mobility in flat surfaces. In [11], a sheet-like soft robot 
inspired by snail mobility/motion was built. This robot 
system functioned as a conveyor that can transfer an 
object. However, it could generate pedal waves only in 
a single direction and could not generate multiple pedal 
waves independently, limiting the system’s adaptability.

In accordance with the simulation and experiment 
results of [6, 7], the pedal wave locomotion was not 

continuous with the 3× 3 module formation, and robot 
movement resembled the anchor-pull and anchor-push 
motion of the inchworm [12]. Also, there was a relative 
motion between grounding points and ground. Hence, 
this kind of locomotion behaviour is not acceptable for 
sandy or gravel terrains because the relative motion at 
the grounding points would lead to excessive slipping, 
and the front area of the robot would possibly be stuck by 
accumulated sand or gravel. Naturally, sidewinding gait is 
one of the best solutions for such a condition. Thus, this 
work has studied and developed multiple sidewinding 
locomotion for WORMESH-II. Sidewinding of a snake 
robot has one kinematic chain, and the motion of each 
link depends on nearby links that are located on the same 
sidewinding travelling wave. When the robot has multi-
ple sidewinding waves, and each wave is interconnected 
by linkage mechanisms motion of links, that is also 
affected by other sidewinding travelling waves. This paper 
mathematically explains the kinematics of sidewinding 
locomotion of WORMESH-II including the results of 
simulations, and the experiment with WORMESH-II’s 
prototype.

The rest of this paper is organized as follows. Section II 
explains the construction of WORMESH-II, the second 
prototype. The kinematic model of multiple sidewinding 
locomotion of WORMESH-II is presented in Section III. 
Section IV discusses the simulation and experiment with 
prototype of WORMESH-II, and Section IV and V are 
discussion and conclusion, respectively.

Prototype of WORMESH‑II
Mechanical design of WORMESH‑II
WORMESH-II was developed based on the modular 
concept, which connects cubic modules according to the 
mesh formation [7]. It has two types of modules; control 
module (CM), and joint module (JM). A JM is placed 
in between two consecutive CMs (Fig.  3). As shown in 
Fig. 3a, four universal joints ( T1 − Yp1 , Y1 − P1 , Y2 − P2 
and Yp2 − T2 ) create the connection between two con-
secutive CMs. Two universal joints having a pitch and 
yaw axis ( Yi − Pi ( i = 1, 2 )) are oppositely placed each 
other at both ends of JM. The yaw axis of the universal 
joints, Y1 − P1 and Y2 − P2 , are passively rotated, and 
these axis are indirectly driven by two link mechanisms 
installed on both sides of the universal joint rotating co-
axially with the pitch axis of the universal joint (Fig. 3a). 
Each pitch joint ( P1 and P2 ) has two pitch links at each 
end, and only one is fixed with the pitch gear. Intercon-
necting links interconnect each left and right pitch links. 
Two ball joint mechanisms connect both pitch links with 
the relevant yaw joint ( Yi ). Therefore, this mechanism, 
in which the rotation of the universal joint is the output, 
is a differential mechanism with two input links and two 

Fig. 1 Multi-wave locomotion of flatworm [7]

Fig. 2 Concept of the flatworm-like pedal wave locomotory robot [7]
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motors that control the universal joint’s position. When 
the motor rotates one pitch-link to a certain angle, the 
other pitch link on the same side of the next pitch axis 
rotates at the same time by almost the same angle by 
interlocking with the motion of the pair of links. The yaw 
axis ( Ypi ; i = 1, 2 ), a part of each universal joint next to 
CM, is connected to CM via a roll axis ( Ti ; i = 1, 2 ) rota-
tion mechanism with a spring-loaded restoring force. 
Introducing a passive joint in the roll axis improves the 
kinematic mechanism’s flexibility and reduces the exces-
sive load in pitch joints.

The mechanical implementation of joint system is 
shown in Fig.  3b. This joint mechanism can position 
shaft, T1 and T2 , in three-dimensional space by control-
ling DC motors, M1 and M2. When both motors are 
rotating in the same direction with the same phase, the 
ends of shaft, T1 and T2 , move an arc in the pitch direc-
tion (Fig.  4a). Likewise, when the phase different ( � ) 
between M1 and M2 is equal to π , the trajectory of T1 
and T2 is on an arc in the yaw direction Fig. 4b. T1 and T2 
follow a circular and an elliptical trajectory on an orthog-
onal plane to the roll axis for � = π/2 and 0 < � < π/2 , 
respectively.

System integration
WORMESH-II was designed as a self-sustain system. 
Each CM has a 12V DC power supply unit, BD6221 DC 
motor controller units, and a M3HiBot microcontroller 
unit. All microcontrollers are interconnected by CAN 
bus system.

Figure  5 shows the system diagram of the low level 
control system. Rotation angle of motor shaft, φji , of 
each JM is individually controlled by the dedicated PID 
position controllers. According to the output of the PID 

Fig. 3 Joint mechanism between two consecutive CMs. a Conceptual design of joint system between tow CMs. b CAD design of joint mechanism

Fig. 4 Kinematics of the joint mechanism. a Pitch motion. b Yaw motion

Fig. 5 Joint control system digram
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controller, the microcontroller sends PWM signals to 
BD6221 DC motor controller. Each motors is intercon-
nected by potentiometer, and the position signal sends to 
the respective microcontroller. Rotation angle of motor 
shaft φji and �ji are the inputs for the control system 
which controls the trajectory of the joint mechanism. All 
joint position signals are synchronised by interconnected 
CAN bus system.

Sidewinding locomotion of WORMESH‑II
Sidewinding gait for the snake robots was generated by 
moving its serial kinematic chain in a spherical trajectory 
[13–16]. Thereby, this motion was made of as summa-
tion of two travelling waves propagating on vertical and 
horizontal planes of the robot’s body [16]. Unlike snake 
robots, the locomotion hypothesis of WORMESH is 
based on the multiple travelling waves [5]. When inter-
connected parallel kinematic chains propagate travelling 
waves, the motion of individual links is affected by the 
motion of adjacent links. This can be decreased by syn-
chronizing the motion of adjacent links. Hence, parallel, 
and synchronous sidewinding travelling waves were pro-
posed to create the sidewinding locomotion.

Figure  6 shows how the summation of vertical and 
horizontal travelling waves propagates on WORMESH-II 
for sidewinding locomotion. The vertical travelling wave 
is generated by pitch joints whilst the horizontal travel-
ling wave is by yaw joint in the corresponding kinematic 
chains. The XY plane shows three horizontal waves prop-
agating along the kinematic chains parallel to the Y direc-
tion, and vertical waves are shown in blue line on the 
YZ plane. For an effective locomotion, the phase differ-
ent between vertical and horizontal waves, σ = π/2 . The 

shape of trajectory of cuboid modules is shown in the ZX 
vertical plane.

Both vertical and horizontal waves are created by con-
trolling the relative angle between two consecutive CMs 
based on Eq. 1 [6]. The relative angles between consecutive 
CMs in pitch and yaw directions are denoted by φvti and 
φhti , respectively. Temporal frequencies of the waves, phase 
shift, and phase different between both waves are respec-
tively denoted by ωw ,β , and σ . Amplitude of the vertical 
wave is denoted by Av , and the amplitude of the horizontal 
wave is denoted by Ah.

Kinematics of multiple sidewinding locomotion
Supposed that WORMESH-II moves on the horizontal 
plane, XgYg , as presented in Fig.  7a. Three synchronous 
sidewinding travelling waves were propagated along the 
active kinematic chains. Assumed that wave amplitude 
changes along the kinetic chains. Thus, according to Eq. 1, 
wave parameters of two JMs along each kinematic chain 
are Av1,Ah1,ωw and Av2,Ah2,ωw , respectively for the left 
and the right sides (Fig. 7). The local frame, xy, is located at 
the centre of mass (COM). Each kinematic chain has two 
grounding points, Pi ( i = 1, 2, .., 6 ), and vi(i=1,2,..,6) is the 
velocity at grounding points relatively to the local frame xy.

At t=t, robot location (COM) on the XgYg frame is (X, Y), 
and linear and angular velocities relative to the xy frame 
are v = [vx, vy]

T and ω , respectively. The state vector which 
describes the generalized coordinates is q = [X ,Y , θ]T , 
and the generalized velocity vector is denoted by 
q̇ = [Ẋ , Ẏ , θ̇]T . Hence, Eq.  2 denotes the free body kin-
ematics of WORMESH-II with respective to the COM.

The synchronous vertical waves generate movements 
along the wave propagation direction similar to the pedal 
wave locomotion of WORMESH-II [5, 6]. As a result, ωw 
and β are the same for each travelling wave. Figure  7b 
shows relationship between mowing distances wave-
length and amplitudes of side-winding wave locomotion. 
Assuming no skids at the ground-contact sites and � is 
the wavelength, LT : total length of the kinematic chain, 

(1)

φvti = Av sin {ωwt + β(i − 1)} (i = 1, 2, · · · , n)

φhti = Ah sin {ωwt + σ + β(i − 1)} (i = 1, 2, · · · , n)

(2)
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(3)viy = f1(Av ,ωw ,β)

(4)vix = f2(Ah,ωw ,β)

Fig. 6 Summation of vertical and horizontal waves 
for the sidewinding locomotion of WORMESH-II. Blue colour wave 
is generated by pitch joints ( Pji1 and Pji2 ) on the vertical plane, 
and orange colour wave is generated by yaw joints ( Yji1 and Yji2 ) 
on the horizontal plane, Trajectories of CM shows by red colour 
curves on ZX plane
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k is the number of complete wave shapes and L is the is 
the length of the arc of one wave which is equal to LTk  , the 
displacement of a unit wave cycle produced by a verti-
cally travelling wave �xy = L− � for k ≥ 2 . The � approx-
imately negatively proportional (an inverse relation) to 
Av because LT is constant. Therefore, when Av increased, 
� decreased. Hence velocity component of vi along the y 
direction, viy , can be represented by Eq. 3. The displace-
ment of a unit wave cycle produced by a horizontal trav-
elling wave �xx proportional to the Ah [17]. Therefore 
velocity component of vi along the x direction, vix , can be 
represented by Eq.  4. Function f1 and f2 are non-linear 
proportional function. The relationship between viv , viy 
and β is non-linear and effect on locomotion directly 
related with the number of links hence, the relationship 
between linear velocity components and wave param-
eters ( Av , Ah and ωw ) can be described as follows. The 
viy and vix are proportional and linear to ωw because 
d�Xx,y

dt
∝ ωw , assuming that there is no slippage at the Pi 

and that the overall linear displacement per locomotion 
cycle is in the directions x, y denoted by �xx,y . Therefore 
�xy increased with Av and vy is increased with Av . Con-
sidering the circular relative motion between modules 
on ZX plane in Fig. 6, the �xx should be equal to maxi-
mum relative distance between Pi and Pi+1 (i = 1, 3, 5) in 
x direction and �xx direction is increased with Ah . Hence 
vx is increased with Ah . The v = [vx, vy]

T is the result of 
the vi of each ground contact point.

Reference [18] explained the multiple travelling wave 
locomotion of WORMESH based on the instantaneous 
centre of rotation (ICR) model of skid-steering mobile 
robots (SSMR). Similar method can be used to explain 
the multiple sidewinding locomotion kinematics of 
WORMESH. If robot moves in a curve at a given time 
instant, the angular velocity around the ICR is ω . The 
vector di(dix, diy) (i = 1, 2, . . . , 6) and dc(dcx, dcy) denote 
the radius from grounding points to ICR and COM 
to ICR,respectively. The d1y , d3y , and d5y , are equal 
to dcy − b and d2y , d4y , and d6y , are equal to dcy + a 
(Fig. 7a). Similarly d1x , and d2x is equal to dcx + c and 
d5x , and d6x is equal to c − dcx . Therefore, following 
equation explains the relationship between ω, dc, and vi
.

Assumed that no relative motion between modules in 
the kinematic chains along the x direction, thereby lin-
ear velocities of the left and right sides ( VL and VR ) of the 
robot can be denoted as in Eq. 6.

(5)

ω =
vx

dcy
=

v1x

dcy − b
=

v3x

dcy − b
=

v5x
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v2x

dcy + a
=

v4x
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=

v4x
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=
v1y

dcx + c
=

v2y

dcx + c
=

−v5y

c − dcx
=

−v6y
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v3y
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=
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a b

Fig. 7 a Kinematic model of WORMESH for multiple sidewinding locomotion b Relationship between mowing distances, wavelength 
and amplitudes of side-winding wave locomotion
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Considering the robot movement in y direction, linear 
displacement of each point of the kinematic chain should 
be equal for a unit locomotion cycle. Therefore, the aver-
age velocity along the kinematic chain is expressed as:

The average velocities of P1 and P2 in y direction are indi-
cated by VF . Similarly velocities at P3 , P4 and P5 , P6 are 
denoted by VM and VB , respectively.

Equation  8 is derived as a combination of Eq.  5, 6, 
and 7.

Moreover, vx, vy and ω can be described as in Eq. 9. using 
Eq. 8.

Locomotion kinematics of WORMESH-II for multiple 
sidewinding wave locomotion can be described by Eq. 2 
and Eq. 9. Velocity component, vx depends on VL and VR , 
moreover, VL and VR which are the functions of horizon-
tal travelling wave in Eq.  4. Angular velocity, ω , around 
the ICR is proportional to (VR − VL) . All three sidewind-
ing travelling waves are synchronous, therefore, each ver-
tical and horizontal wave has equal ωw and β . However, 
wave amplitude, Ah , of the left and right sides of the joint 
can respectively control VL and VR . Hence, (VR − VL) is 
proportional to Ah1 − Ah2 (Fig.  7). Velocity component 
along the wave propagation direction, vy , relies on VF ,VM 
and VB that are generated by the vertical travelling wave 
in Eq.  3. During the sidewinding locomotion, paral-
lel joints in each kinematic chains along the x direction 
should have the same wave amplitude because parallel 
modules move in the same size and shape trajectory with 
time. Hence, wave parameters of the vertical travelling 
wave of each kinematic chain are kept at equal values, 
and horizontal travelling waves become the controlling 
parameter of the locomotion.

(6)
v1x = v3x = v5x = VL

v2x = v4x = v6x = VR

(7)

v1y = v2y = VF

v3y = v4y = VM

v5y = v6y = VB

(8)
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Simulation
The simplified kinematic model of the joint mechanism 
of WORMESH-II is shown in Fig. 8, and all passive joints 
( Ti − Ypi , Fig.  3) are not illustrated. Yellow and green 
square shapes denote CM ( Mij ) and JM, respectively. 
Yaw and pitch revolute joints in x direction are denoted 
by YXij and PXij respectively. Similarly, revolute joints 
in y direction are YYij and PYij ( i = 1, 2, .., 6 j=1,2). As 
described in sidewinding locomotion concept in Fig.  6, 
horizontal travelling waves are generated by YXij and 
YYij joints while vertical travelling waves are generated 
by PXij and PYij joints. If robot move in X direction kin-
ematic chains M11 −M21 −M33 , M12 −M22 −M32 and 
M13 −M23 −M33 activate. If robot moves in Y direction, 
kinematic chains M11 −M12 −M13 , M21 −M22 −M23 
and M31 −M32 −M33 activate. Table  1 shows gait 
parameters for translational locomotion for simulations. 
The intended travelling direction is X, lateral direction of 
the wave propagation direction.

Figure  9 shows simulation result of the sidewind-
ing locomotion of WORMESH-II. Locomotion of equal 
Av for all PYij joints and equal Ah for all YYij joints are 
shown in Fig.  9a. The travelling waves parameters are 
Av = π/40 , Ah = π/60 , β = 1.5π and ω = 0.5π.

WORMESH-II moved sideways like an omnidirec-
tional motion as a result of the combination of vertical 
and horizontal travelling waves (Eq.  9). Movement in 
the wave propagation direction is created by the vertical 
travelling wave, and the combination of yaw and pitch 
motion moves each module in a circular trajectory rela-
tive to each other, which creates the motion in the trans-
verse direction.

Fig. 8 Joint kinematics models of WORMESH-II’s simulation model [7]
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According to Eq.  9, ω supposed to be zero because 
A1h = A2h along the kinematic chains. However, actual 
trajectory of centre of geometry (COG) is a curved 
as in Fig.  9a ( COM≈COG, for low wave amplitude). 
Figure.  9b shows poses of kinematic chain M12-M22

-M32 on the horizontal plane for a locomotion cycle. 
The travelling distance of both ends of the kinematic 
chain was not equal. Travelling distances of M32 and 
M12 per locomotion cycle were 24.8 mm and 22.2 
mm, respectively. The pose of kinematic chain, M12

Fig. 9 Sidewinding locomotion of WORMESH robot in simulation. a Robot movement in simulation for travelling wave parameters 
are Av = π/40, Ah1 = Ah2 = π/60,β = 1.5π ,ω = 0.5π . b Pose of kinematic chain M21 −M23 on XY plane, travelling wave 
parameters are Av = π/40, Ah = π/60,β = 1.5π ,ω = 0.5π . c Pose of kinematic chain M21 −M23 on ZX plane, travelling wave 
parameters are Av = π/40, Ah = π/60,β = 1.5π ,ω = 0.5π . d Robot movement in simulation for travelling wave parameters are 
Av = π/40, Ah1 = π/60, Ah2 = π/64,β = 1.5π ,ω = 0.5π . e Robot movement in simulation for travelling wave parameters are 
Av = π/40, Ah1 = Ah2 = π/60,β = π ,ω = 0.5π . f Effect of the travelling wave parameters on travelling direction
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-M22-M32 , on ZX plane is shown in Fig.  9c. The hori-
zontal travelling distance ( xl ) per unit wave cycle is 
proportional to Ah . Based on Eq.  9, trajectory can 
be controlled by changing amplitude of horizontal 
travelling wave. Figure   9d shows the locomotion of 
WORMESH-II for with different Ah , where joint YY1j

,YY3j and YY5j ( j = 1, 2 ) had Ah = π/60 , joint YY2j

,YY4j and YY6j ( j = 1, 2 ) had Ah = π/64 . For different 
Ah along the kinematic chain, ends of M3i(i = 1, 2, 3) 
move relatively lower distance than the first simula-
tion, and robot’s COG moves in a straight line. Fig-
ure  9e shows locomotion of WORMESH-II for wave 
parameters of Av = π/40,Ah = π/60,ω = 0.5π and 
β = π . The robot movement was transverse to the wave 
propagation direction without omnidirectional move-
ment. The overall locomotion parameter map, which 
explains how sidewinding locomotion of WORMESH-
II is controlled by kinematic chains, M11 −M21 −M33 , 
M12 −M22 −M32 and M13 −M23 −M33 , is shown in 
Fig. 9f.

• When Ah = 0 and β  = π , WORMESH-II moves 
along the wave propagation direction, and locomo-
tion is pure pedal wave locomotion [6].

• When β = π and Av ,Ah  = 0 , WORMESH-II moves 
perpendicular to the wave propagation direction. 
Further, WORMESH-II moves in X > 0 direction 
and X < 0 direction for σ = 1.5π and σ = 0.5π , 
respectively.

• In omnidirectional motion, WORMESH-II’s mov-
ing direction can be regulated using Ah and Av . 
When Ah increases, vx also increases, thereby, robot 
moves more towards the transverse direction.

Experiment with prototype of WORMESH‑II
The prototype of WORMESH-II are shown in Fig.  10 
[6]. Based on the simulated result of sidewinding loco-
motion, WORMESH-II was tested for translational, 
turning, and omnidirectional motions using the pro-
totype. This WORMESH-II configuration is known as 
isotropic module composition (IMC), and each kin-
ematic chain contains two JMs and three CMs. As per 
the implemented joint mechanism, both yaw and pitch 
joints of two interconnected active universal joints can 
be controlled by two motors. Like the pedal wave loco-
motion, vertical travelling wave propagated along the 
active kinematic chains by controlling the oscillation 
signal of motors Mi and Mi+1 according to Eq. 1. Each 
pitch and yaw joint of JMs was controlled separately 
in simulation using appropriate oscillation signals. In 
the prototype, two motors of individual JMs contorted 
the pitch and yaw motion of two universal joints, tak-
ing advantage of the phase difference � between M1 
and M2 of each joint module, which is a beneficial 
feature of the joint mechanism. For the joint mecha-
nism σ = π/2 . According to the joint mechanism in 
Fig.  3b pure vertical travelling wave was created as in 
Eq.  1 when Av = A �= 0 and � = 0 (A= amplitude of 
DC motor oscillation signal/4.8). When � = π , it was a 
pure horizontal travelling wave and Ah = A and Av = 0 . 
When 0 < � ≤ π/2 , it generates both vertical and hori-
zontal waves. For 0 < � ≤ π/2 : Ah = �Av/0.5π.

Table 1 Gait parameters of simulation for translational 
locomotion

Joint A iβ Joint A iβ

PY11 Av 0 YY11 Ah π/2

PY12 Av 0 YY12 Ah π/2

PY21 Av 1.5π YY21 Ah 2π

PY22 Av 1.5π YY22 Ah 2π

PY31 Av 0 YY31 Ah π/2

PY32 Av 0 YY32 Ah π/2

PY41 Av 1.5π YY41 Ah 2π

PY42 Av 1.5π YY42 Ah 2π

PY51 Av 0 YY51 Ah π/2

PY52 Av 0 YY52 Ah π/2

PY61 Av 1.5π YY61 Ah 2π

PY62 Av 1.5π YY62 Ah 2π

Fig. 10 WORMESH-II, The Isotropic module composition (IMC)
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Translational motion
This experiment was expected to move WORMESH-
II in a direction perpendicular to the wave propaga-
tion direction. Table  2 shows the gait parameters of 
the translational locomotion of WORMESH-II. The 
first column includes activated kinematic chains corre-
sponding to Fig.  10, and the remaining columns indi-
cate the names of relevant joint modules (JMs) and 
their wave parameters as shown in Eq.  1. The move-
ments of the prototypes, which is shown in Fig. 11, for 
travelling wave parameters of Av = 0.24π , � = 0.25π , 
Ah = 0.12π , β = π , ω = 0.05π , were similar to the 
simulation (Fig.  9e). The vertical wave did not cre-
ate locomotion along the wave propagation direction 
because β = π , thereby, movement was only generated 
in transverse direction. Trajectories on the XY plane 
of CMs,M11 , M13 , M31 , M33 and M22 of IMC is shown 
in Fig.  12. The IMC of WORMESH moved straight 
towards the x direction. The average locomotion speed 
of WORMESH-II was 2.5mms−1.

Omnidirectional locomotion
The experiment was expected to enable WORMESH-II 
to move both in the wave propagation direction and per-
pendicular to the wave propagation direction. Table  3 
presents the gait parameters of the omnidirectional 

locomotion. The first column includes activated kin-
ematic chains corresponding to Fig. 10, and the remain-
ing columns indicate the names of relevant joint modules 
(JMs) and their wave parameters as shown in Eq. 1. In the 
experiment, travelling wave parameters were Av = 0.24π , 
� = 0.25π,Ah = 0.12π , β = 1.5π , ω = 0.05π . Therefore, 
for β  = π , vertical travelling wave generated motion 
towards the wave propagation direction.

Fig. 11 Translational locomotion of WORMESH-II with IMC configuration ( Av = 0.24π , � = 0.25π,Ah = 0.12π , β = π , and ω = 0.05π)

Table 2 Gait parameters of translational locomotion for IMC 
( σ = 0.5π)

Kinematic chain of IMC JM Av iβ � Ah

M11-M12-M13 Mjx1 0.24π 0 0.25π 0.12π

Mjx2 0.24π 1π 0.25π 0.12π

M21-M22-M23 Mjx3 0.24π 0 0.25π 0.12π

Mjx4 0.24π 1π 0.25π 0.12π

M31-M32-M33 Mjx5 0.24π 0 0.25π 0.12π

Mjx6 0.24π 1π 0.25π 0.12π

Fig. 12 Trajectory of WORMESH-II of translational locomotion 
( Av = 0.24π , � = 0.25π , Ah = 0.12π , β = π , and ω = 0.05π)

Table 3 Gait parameters of omnidirectional locomotion for IMC 
( σ = 0.5π)

Kinematic chain of IMC JM Av iβ � Ah

M11-M12-M13 Mjx1 0.24π 0 0.25π 0.12π

Mjx2 0.24π 1.5π 0.25π 0.12π

M21-M22-M23 Mjx3 0.24π 0 0.25π 0.12π

Mjy4 0.24π 1.5π 0.25π 0.12π

M31-M32-M33 Mjx5 0.24π 0 0.25π 0.12π

Mjx6 0.24π 1.5π 0.25π 0.12π
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Figure  13 shows the motions of IMC for omnidirec-
tional locomotion. The movements of WORMESH-II 
exhibited in both travelling wave propagation direction 
(y), and transverse direction (x). The trajectories of CM, 
M11 , M13 , M31 , M33 and M22 of robot on xy plane is pre-
sented in Fig.  14. The WORMESH-II moved 200  mm 
in x direction and 100  mm in y direction. The average 

locomotion speed of the robot was vy = 1.53mms−1 , 
vx = 4.13mms−1 . The experiment results revealed that 
WORMESH-II can generate omnidirectional locomotion 
similar to the simulation.

Steering locomotion
Sidewinding locomotion generated movements in both 
longitudinal and transverse directions. In simulation, 
it implied that the trajectory of WORMESH-II was 
curved in omnidirectional motion when β  = π . Further, 
Ah along the kinematic chain was used to control the 
curvature of the trajectory during simulation whereas 
Ah was controlled by � in the real joint mechanism of 
WORMESH-II.

In the experiment of steering locomotion, different Ah 
were used along the kinematic chain to change the robot 
heading. The � of each JM contort the Ah . The sidewind-
ing steering gait parameters of WORMESH-II is shown 
in Table 4. The robot movements of steering locomotion 
for WORMESH-II is shown in Fig. 15. The phase differ-
ent � was reduced along the y direction for each active 
kinematic chain.

Figure  16 shows trajectories of CMs, M11 , M13 , M31 , 
M33 and M22(COG) of WORMESH-II. Experiment 
results confirmed the proposed method successfully 

Fig. 13 Omnidirectional locomotion of WORMESH-II with IMC configuration ( Av = 0.24π , � = 0.25π,Ah = 0.12π , β = 1.5π , and ω = 0.05π)

Fig. 14 Trajectory of WORMESH-II of omnidirectional locomotion 
( Av = 0.24π , � = 0.25π,Ah = 0.12π , β = 1.5π , and ω = 0.05π)

Fig. 15 Steering locomotion of WORMESH-II with IMC configuration, travelling wave parameters are Av = 0.24π , �1 = 0.4π , �2 = 0.1π , β = 1.5π , 
Ah1 = 0.192π , Ah2 = 0.048π , and ω = 0.5π
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steers WORMESH-II. The steering radius of IMC was 
1860 mm for the given gait parameters.

Discussion
Section Kinematics of multiple sidewinding locomotion 
explained the locomotion kinematics of WORMESH-II 
for sidewinding locomotion. Equation  9 shows that the 
combination of vertical and horizontal travelling waves 
generates motions in longitudinal and transverse direc-
tions, and turning can be controlled by Ah . Due to joint 
constraints between modules, ωw and β must be equal 
for each kinematic chains. The mathematical explanation 
of locomotion kinematics was qualitatively confirmed 
by the simulation. However, the mathematical explana-
tion did not predict the trajectory of WORMESH-II in 
Fig.  9a. It would be a result of three CMs per kinemat-
ics chain, therefore, those kinematics chains could not 

generate complete and continuous sidewinding waves 
along the kinematic chains [19]. According to the simu-
lation, overall locomotion was controlled by three side-
winding travelling wave parameters (Fig. 9f ). The type of 
locomotion, either translational or omnidirectional, was 
determined by β . When β = π , locomotion was transla-
tional, and the robot moved in the lateral direction to the 
wave propagation direction. For omnidirectional loco-
motion, β decided the wave propagation direction and 
controlled the direction of motion generated by vertical 
travelling waves either robot moved in quadrants one and 
two or quadrants three and four. The phase difference 
between vertical and horizontal waves ( σ ) controlled the 
travelling direction in the lateral direction irrespective to 
the quadrant where the robot moved. The direction of 
motion within a quadrant depends on Av and Ah . When 
Ah = 0 , the locomotion was pedal wave locomotion, and 
an increase in Ah increased the displacement towards the 
lateral direction.

In experiment with prototype of WORMESH-II, the 
parameters of Ah , was replaced by Av and � , because 
according to joint mechanism: Ah = (Av/0.5π)� (for 
0 < � ≤ π/2 ). The σ always keep at 0.5π by joint mech-
anism. The prototypes of WORMESH-II had smooth 
locomotion trajectory in both translational and omni-
directional locomotion. The average velocities of omni-
directional gaits (4.4mms−1 ) were higher than the 
translational locomotion gaits (2.5mms−1 ) for the same 
Av ,Ah,� and ωw . because omnidirectional motion was 
a result of both longitudinal and lateral velocity com-
ponents. The average velocity of omnidirectional gait 
is 76% higher than that of the translational gait. Thus, 
omnidirectional locomotion gait was more efficient than 
translational locomotion gait. Furthermore, sidewinding 
translational locomotion exhibited a slightly lower veloc-
ity than pedal wave locomotion [7], while sidewinding 
omnidirectional motion was higher by 57% (2.5mms−1 
and 2.8mms−1 respectively). The slight difference 
between the translational locomotion of both sidewind-
ing and pedal wave may be attributed to the presence of 
spring-loaded yaw joints.

The unequal amplitudes of the robot’s left and right 
sides formed a curved trajectory that corresponded to 
the mathematical explanation of locomotion kinemat-
ics (Fig. 16). However, the turning radius of experiment 
was quite larger than expected from the simulation. In 
the simulation, a slight amplitude difference of 0.0032 rad 
( π/60− π/64 ) between the left and right sides gener-
ated a significant diversion of the trajectory (Fig. 9a and 
d). Similarly, in the experiment, the amplitude difference 
Ah1 − Ah2 was 0.45 rad. This difference could be attrib-
uted to the joint constraint of adjacent JMs, which could 
not be precisely defined, and also to non-uniform ground 

Fig. 16 Trajectory of WORMESH-II, steering locomotion Fig. 15, 
travelling wave parameters are Av = 0.24π , �1 = 0.4π , �2 = 0.1π , 
β = 1.5π , Ah1 = 0.192π , Ah2 = 0.048π , and ω = 0.5π

Table 4 Gait parameters of steering locomotion for IMC 
( σ = 0.5π)

Kinematic chain of IMC JM Av iβ � Ah

M11-M12-M13 Mjy1 0.24π 0 0.4π 0.192π

Mjy2 0.24π 1π 0.1π 0.048π

M21-M22-M23 Mjy3 0.24π 0 0.4π 0.192π

Mjy4 0.24π 1π 0.1π 0.048π

M31-M32-M33 Mjy5 0.24π 0 0.4π 0.192π

Mjy6 0.24π 1π 0.1π 0.048π
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friction during the experiment, which might have caused 
excursive slippage. Furthermore, the proposed locomo-
tion kinematics equation (Eq.  6) assumed no relative 
motion between modules in the kinematic chain along 
the x-direction. However, spring joints introduce relative 
motion in that direction as well.

Conclusion
This work mathematically explained the locomotion kin-
ematics, simulated and tested multiple sidewinding loco-
motion for WORMESH-II. The kinematic of locomotion 
(Eq.  9) revealed three locomotion tasks, omnidirec-
tional movement, translational movement, and turning 
movement that can be generated by controlling wave 
parameters, Ah and β . When β = π , robot moves in the 
transverse direction, and when β  = π the robot moves 
in an omnidirectional way. When Ah changes along the 
sidewinding wave, the robot’s trajectory was a curve, and 
higher Ah side moves further distance than the lower Ah 
side (Eq.  4). It is difficult to quantitatively explain the 
multiple waves sidewinding locomotion of WORMESH-
II using a mathematical model of locomotion kinematics. 
Nevertheless, Eq.  9 qualitatively explained the locomo-
tion behaviour, and the simulation proved that the loco-
motion of WORMESH-II is similar to its mathematical 
explanation. Since the mathematical model did not con-
sider the number of links per kinematic chain, the tra-
jectory of IMC in omnidirectional motion was slightly 
curved, which is the gap between the simulation and the 
mathematical model of locomotion kinematics.

According to the locomotion kinematic model, the 
sidewinding gait exhibited much more flexible and effi-
cient locomotion behavior compared to the pedal wave 
locomotion of WORMESH-II [6]. This difference arises 
because certain module formations of WORMESH-
II were unable to generate omnidirectional movement 
using the pedal wave gait [6]. In contrast, for the side-
winding gait, only three travelling waves are required to 
generate omnidirectional movement using six JMs [5]. 
This stands in contrast to the pedal wave locomotion, 
where all kinematic chains must propagate six travelling 
waves to achieve the same omnidirectional motion [5]. 
In the pedal wave gait [7], the relative motion between 
the surface and ground contact points can be consid-
ered a disadvantage, especially when moving on gravel 
and sandy surfaces. This relative motion can result in 
reduced traction and stability, making it challenging for 
the robot to maintain efficient locomotion on such une-
ven terrains. On loose or slippery surfaces like gravel and 
sand, the relative motion may lead to slippage, which can 
further hinder the robot’s movement and overall effi-
ciency. In contrast, locomotion gaits like the sidewind-
ing gait may offer advantages in such environments due 

to their design, which minimizes relative motion between 
the robot and the ground, providing better stability and 
traction.

In this work, all locomotion gaits were tested individu-
ally. As a result, future work should focus on developing 
a control system that combines these three locomotion 
gaits. The insights gained from Eq. 9 and the simulation 
results (Fig.  9f ) provide a fundamental understanding 
essential for the development of such a control system.

Importantly, sidewinding movement was tested on a 
solid, level surface. WORMESH-II’s locomotion prefer-
ences must be tested on natural sandy and gravel terrains 
to completely evaluate its potential. Real-world testing 
will reveal the robot’s performance and flexibility in dif-
ficult conditions including uneven and loose terrain. By 
combining different locomotion gaits and conducting 
experiments in diverse terrains, researchers can enhance 
the robot’s overall locomotion capabilities and its poten-
tial for practical applications.
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