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Abstract: In complex and extreme environments, such as pipelines and polluted waters, gait pro-

gramming has great significance for multibody segment locomotion robots. The earthworm-like lo-

comotion robot is a representative multibody bionic robot, which has the characteristics of low 

weight, multibody segments, and excellent movement performance under the designed gait. The 

body segment cell can realize large deformation under ultra-low frequency excitation. The multi-

body segment robot can locomote under ultra-low frequency excitation with appropriate shifts. In 

this paper, a modular gait design principle for a soft, earthworm-like locomotion robot is proposed. 

The driven modules defined by modular gait generation correspond to the peristaltic wave trans-

missions of the excitation in the robot for different modular gait modes. A locomotion algorithm is 

presented to simulate the locomotion of the earthworm-like robot under different locomotion gaits. 

Moreover, the locomotion speeds are obtained for different modular gait modes. The results show 

that locomotion speed is related to the original state of the body segments and modular gaits. As 

the initial actuated segments and driven modules (which correspond to the excitation frequency 

and shift) increase, faster movement speeds can be realized, which resolves the speed saturation of 

the earthworm-like robot. The proposed modular gait design method gives a new gait generation 

principle for the improvement of the locomotion performance of soft, earthworm-like robots. 
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1. Introduction 

Wheeling, crawling, and legging are the most common movement modes for land-

based locomotion robots [1–3]. In a water environment, wheeling and legging movements 

always fail. However, crawling can move forward effectively. In environments such as 

danger searching, industrial inspection, and internal medical treatment, biomimetic 

crawling locomotion robots have been successfully applied due to their strong adaptabil-

ity and controllability [4,5]. The earthworm-like robot, which is servomotor driven, is de-

signed to achieve horizontal and vertical in-pipe locomotion [6–9]. The earthworm-like 

robot, with two servomotors driven per segment, can realize planar locomotion [10]. Fur-

ther, when utilizing a Kirigami design to enhance anchoring, the earthworm-like robot 

achieves movement in multiple environments [11]. In order to increase the environmental 

adaptability of the bionic earthworm robot, a compliant, modular mesh worm robot with 

steering is made, increasing the possible degree of freedom and realizing turning move-

ment [12,13]. The most important ability of a locomotion robot with multi-segment is 

movement ability, including speed, depending on the designed gait [14]. Therefore, the 

investigation and design method for locomotion gaits of a locomotion robot can signifi-

cantly improve movement performance.  

The receding peristaltic wave is an important feature of earthworm movement, while 

the gait is the manifestation of peristaltic waves for the earthworm-like robot. It discovers 

Citation: Qi, Z.; Sun, X. The  

Modular Gait Design of a Soft  

Earthworm-like Locomotion Robot 

Driven by Ultra-Low Frequency  

Excitation. Appl. Sci. 2023, 13, 2723. 

https://doi.org/10.3390/app13042723 

Academic Editor: Kai Yang 

Received: 1 February 2023 

Revised: 15 February 2023 

Accepted: 18 February 2023 

Published: 20 February 2023 

 

Copyright: © 2023 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Appl. Sci. 2023, 13, 2723 2 of 19 
 

that the average speed and anchor effectiveness can be improved by adjusting the gait 

parameters [15] based on a dynamic model [16]. In the proposed gait, as reference [15], 

the earthworm-like locomotion robot is composed of three body segment states: anchor-

ing, driving, and relaxing. The phase difference gait is the optimal gait of the locomotion 

robot through theoretical analysis [17,18]. With the identical phase-difference-driven 

mode, the maximum average speed of the robot can be obtained [15]. Via the relevant 

experiments, the relationship between the average speed and the phase difference of each 

segment of a gait can be verified [18]. However, with an increase in the number of body 

segments, the maximum average speed displays a saturation phenomenon.  

The gait design is related to the programming and driving performance of the robot 

actuators. According to the observation of earthworm movement experiments in [19,20], 

earthworms can stretch multiple body segments simultaneously via their muscles as they 

move [21]. In order to simulate the actuation and deformation of the muscles, variable soft 

actuators [22–24], such as pneumatically-driven [5,25,26] and dielectric elastomer actua-

tors [27], have been proposed and manufactured for earthworm-like locomotion robots. 

In reference [28], a pneumatically driven earthworm-like soft robot is proposed, mimick-

ing the deformation and movement of an earthworm. In nonhomogeneous environments 

, the robot can deform for lateral bending and buckling by utilizing pneumatically driven 

actuators [29]. In addition, when considering that the necessary anchoring section can im-

prove movement performance, the pneumatic actuator is used to induce friction by ad-

justing the contact between the robot and the environment [30]. Because the pneumatic 

actuator is powered by pumping/compressing air, the response time of the actuator is 

usually longer than an electric actuator [31]. In order to obtain a faster response for the 

programming of the body segment, dielectric elastomers [32] have been widely utilized 

as actuators in robots [27,33,34]. According to the actuation principle of the dielectric elas-

tomer described in references [35–37], a dielectric elastomer actuator is proposed for ap-

plication in a micro, earthworm-like robot [38]. According to the different designs of die-

lectric elastomer actuators, dielectric elastomer actuators can realize different defor-

mations for the robot segments [33]. For instance, in reference [39], the dielectric elastomer 

actuator is embedded into the continuous cylindrical robot body, and silicone fiber is laid 

to avoid compression, and with this design method, the movement speed reaches 

28mm/min; in reference [40], reciprocating locomotion using different amplitudes and fre-

quencies (of tilted bristles) induced by the dielectric elastomer actuators is generated to 

improve the forward speed. In order to supply a larger actuation force, dielectric elasto-

mer films are stacked in layers [41]. Moreover, it is discovered that by attaching a pre-

stretched dielectric elastomer to a polyethylene terephthalate frame, the dielectric elasto-

mer with a polyethylene terephthalate frame can be considered as the body segment in a 

soft robot, which represents the structure-actuation integrated design [42]. Gu et al. con-

nect three dielectric elastomer actuators within a soft, locomotion robot with three body 

segments. For the structure-actuation integrated design, the average speed is 5.3 mm/s 

[43]. Lu et al. improve the minimum energy structure with the dielectric elastomer actua-

tor and increase the actuator body segments, which increases the movement speed to 

11.5mm/s [44]. The above researches mainly focus on the movement realization of earth-

worm-like locomotion robots with soft actuators without investigating the relationship 

between locomotion performance and gait. 

In reference [15], a gait theory for a bionic earthworm-like robot is proposed. It is 

discovered that, for an increase in the driven segments, the saturation phenomenon for 

the maximum average speed occurs. The soft actuator has the advantages of large defor-

mation and low weight, which can greatly reduce the weight of the robot and improve the 

movement speed. Fortunately, since the dielectric elastomer actuator has the characteris-

tics of low weight and fast actuation, the synchronous driven of multiple segments can be 

achieved. Thus, the dielectric elastomer is selected as the soft actuator in this work. Peri-

odic electrical signals are applied to the soft segments to realize the reciprocating expan-

sion of the segments. A segment cell is a vibration-driven system. The vibration-driven is 
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used in the capsule robot, and the effective movement of the system is realized [45]. Based 

on the vibration-driven, the dielectric elastomer robot realizes bidirectional movement 

[46]. The cell phone vibrators are employed for the vibration-driven small robot Rizeh to 

reduce the cost of the robot [47]. A vibration-driven robot with a time-varying stiffness 

structure is proposed to reveal the nonlinear driven mechanism of a vibration-driven sys-

tem [48]. The vibration-driven can also be applied to multisegment, earthworm-like loco-

motion robots. The earthworm-like robot can move forward under vibration excitation 

[49]. The driven mode determines the movement of the robot. Gait design can provide 

different movement modes. In order to improve the movement speed of the earthworm-

like robot, it is very critical to investigate the gait of the earthworm-like robot under vi-

bration-driven movement. 

By designing the gait, the robot can move effectively under ultra-low frequency ex-

citation. Therefore, by combining the deformation characteristics of a soft actuator, a gait 

design for a soft, earthworm-like robot is proposed in this paper. The driven module 

modes in this study are bio-inspired by earthworms. In the driven module, a gait genera-

tion principle is proposed for different driven wave transmission modes. The modular 

gait methods improve the locomotion speed of the robot under ultra-low frequency exci-

tation. This reveals that only the driven wave frequency and amplitude affect locomotion 

speed. Moreover, as the failure of an individual segment in a driven module occurs, loco-

motion can still be guaranteed due to the driven module design. Numerical simulations 

for different cases of generated gaits for different driven modules can be used to verify 

the modular driven design that can break through the saturation phenomenon of locomo-

tion speed. For the proposed driven module design principle, the average locomotion 

speed is proportional to the number of actuated body segments for the gait of a driven 

module. The modular gait design method proposed in this paper provides a new idea for 

the movement strategy of multisegment robots. More importantly, it provides an effective 

gait design method for special robots, such as carrier robots or robots with partially driven 

segment failure. 

The rest of the paper is structured as follows: in Section 2, the deformation of the 

actuator is derived, and a description of the driven module is presented. Gait generation 

algorithms and cases are demonstrated in Section 3. The locomotion of the soft, earth-

worm-like robot based on the soft actuators is simulated and analyzed in Section 4. The 

conclusion is given in Section 5. 

2. Deformation and State Description of a Segment 

2.1. Segment Deformation 

The dielectric elastomer actuator can deform the body segment under the action of 

periodic excitation voltage [43]. Figure 1 shows the model schematic diagram for the de-

formed body segment driven by the dielectric elastomer actuators. When the tail of the 

body segment is fixed, the displacement of the body segment head is assumed as x(t), as 

shown in Figure 1a. The simplification model of the body segment is obtained, as shown 

in Figure 1b. ( )drivenF t  is the ultra-low frequency excitation. The body segment can realize 

reciprocating deformation under ultra-low frequency excitation. We refer to the results in 

reference [50], where four viscoelastic-spring components accurately describe the dy-

namic characteristics of the dielectric elastomer actuators. 

In the simplified model of one body segment with a dielectric elastomer actuator, as 

Figure 1b, ( )drivenF t  is the ultra-low frequency excitation. The mass of the body segment 

is assumed to be equivalent to the lumped mass m; the equivalent stiffness of the dielectric 

elastomer actuator is given as ki; and the equivalent viscous coefficient is given as ci (i = 

1,2,3,4). 
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Figure 1. A model schematic diagram and the deformation response of a body segment from the 

earthworm-like robot driven by a dielectric elastomer actuator. (a) A diagram of the body segment 

deformation. ( )drivenF t  is the ultra-low frequency excitation. Gray represents the initial state of the 

segment, and blue represents the actuation state of the segment. “A” indicates the actuator; gray 

indicates the inactive state, and red indicates the active state. (b) A dynamic model of the body 

segment. (c) The response of the body segment under excitation by sinusoidal excitation voltage. 

The yellow line represents the simulated body segment length deformation, and the blue line rep-

resents the excitation voltage. 

The frictional resistance is defined as Ffr, depending on the viscous forces. The ultra-

low frequency excitation Fdriven(t) drives the dielectric elastomer actuator. The dynamic 

model of the body segment is expressed as 
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Fixing the parameters is the same as the values in reference [46]; for the excitation 

voltage V(t), the deformation of the body segment x can be calculated from Equation (1). 

As the excitation voltage is ( ) 2(sin(2 / 2) 1)V t t    , the deformation of the body seg-

ment is shown in Figure 1c. In Figure 1c, the deformation of the body segment stays in 

periodic deformation under periodic excitation voltage. For the periodic deformation of 

the body segment, the locomotion of the earthworm-like robot can be realized. 

According to the deformation of each segment x(t), the body length l(t) after defor-

mation can be expressed as 

0( ) ( )l t l x t   (2)

where l0 is the original length of each body segment. 

2.2. The State Definition of a Segment 

The driven muscle groups for earthworms are composed of longitudinal muscles and 

circumferential muscles. For each segment, a schematic diagram of muscle distribution is 

shown in Figure 2a,c. The red dotted lines represent the longitudinal muscles, which are 

distributed along the parallel direction of the segment. The solid yellow lines represent 

the circumferential muscles, which are distributed along the circumference of the seg-

ment. When a segment of the earthworm is in a contracted state, the circumferential mus-

cles elongate and the longitudinal muscles contract, as shown in Figure 2a; this is defined 

as the initial state. The original length of the body is defined as lIL, as shown in Figure 2b, 

and the state of the nonactuated segment is defined as “0”. When a body segment of the 

earthworms is in the elongated state, the longitudinal muscles elongate and the circum-

ferential muscles contract, as shown in Figure 2c. The elongation state of the body segment 
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is defined as the actuated state, defined as “1”. After the segment is driven, its length 

reaches the maximum value: lFL, as shown in Figure 2d. 

 

Figure 2. The kinematic state definition of the body segment of the earthworm and the earthworm-

like robot. A schematic diagram of the earthworm muscles contracting the segment (a). The initial 

state of the bionic segment represents “0” in (b). A schematic diagram of the earthworm muscle 

elongating segment is shown in (c). The final state “1” of the bionic segment with actuation, is shown 

in (d). 

2.3. The Definition of Driven Module 

The alternate contraction of muscles realizes the expansion and contraction of the 

body segment for locomotion. Due to the advantages of the dielectric elastomer actuator, 

such as low weight and fast actuation, several adjacent body segments can elongate at the 

same time. When considering the requirements for locomotion speed, the segments are 

assumed to be actuated simultaneously. The simultaneously actuated segments are re-

garded as a module. We call the transmission mode of the simultaneously actuated seg-

ments as modularization design. The modularization driven could improve robot loco-

motion speed, which breaks the speed saturation phenomenon, as reference [15]. In this 

study, two cases of the driven module are proposed to investigate the locomotion perfor-

mance of the soft, earthworm-like robots. In one case, multiple actuated body segments 

are continuously distributed and transmitted backward as one driven module, which we 

define as an unbroken driven module (U-DM). In the second case, there are nonactuated 

segments in one driven module, which we define as a broken driven module (B-DM), 

because of the easily broken characteristic of the soft actuator. 

2.3.1. Unbroken Driven Module 

For the U-DM, several adjacent segments are synchronously actuated. The receding 

peristaltic wave is transmitted as a combination of several actuated segments. In a multi-

ple-segment robot with TN segments, the number of actuated body segments is ntd for one 

U-DM. Thus, for this case, there are two adjustable driven parameters, which are the num-

ber of the driven modules, k, and the number of actuated body segments in one driven 

module, ntd. The gait parameters in the earthworm-like robot with the U-DM satisfy the 

following conditions: 

( 1) ,

1,  1.

td

td

TN k n
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 

 
 (3)

Figure 3 shows two examples of the initial gait distribution of the U-DM for a 12-

segment earthworm-like robot. In Figure 3a, the number of actuated segments is ntd = 3, 

and in Figure 3b, the number of actuated segments is ntd = 4. For the U-DM, the segments 

are actuated together in one driven module. Therefore, there is only one initial modular 

gait distribution. 
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Figure 3. The initial distribution of the U-DM for a 12-segment earthworm-like locomotion robot. 

(a) The initial distribution of the U-DM with three actuated segments. (b) The initial distribution of 

the U-DM with four actuated segments. 

2.3.2. Broken Driven Module 

As there can exist failed body segments in one driven module, the failed segments 

cannot deform. This case is defined as the B-DM. In a B-DM, the number of body segments 

is np, including the actuated segments, npa, and nonactuated segments, npu. Thus, this has 

the condition of p pa pun n n  . For the earthworm-like robot with the TN body segments, 

there are three independent adjustable parameters as the number of driven modules, k, 

actuated segments, npa, and nonactuated segments, npu. In the B-DM, all the gait parame-

ters satisfy the following conditions: 

 ,  ,

1,  1, 1.
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For a driven module with np segments, the number of initial modular gait distribu-

tions with the B-DM is 2n − 2. For example, for a B-DM with four segments, there are 14 

initial modular gait distributions that satisfy the conditions (4). Figure 4 shows two exam-

ples of initial gait distributions for the B-DM in a 12-segment earthworm-like robot. Figure 

4a,b show two different initial gait distributions. In Figure 4a, we assume that a broken 

body segment (“0”) in one of the driven modules is not at the boundary of the driven 

module. The broken body segment “0” is at the boundary of the driven module, as shown 

in Figure 4b. In practical application, the distribution of the nonactuated body segment 

“0” of one driven module can be designed according to the required operating conditions. 

The numbers of the actuated segments in Figures 3a and 4b are the same, and the 

actuated segments are distributed continuously. However, the gait transmission is inte-

grally transmitted in the form of the driven modules for the modular gait. The transmis-

sion mode of the driven module affects the locomotion performance of the earthworm-

like robot. 

 

Figure 4. The initial distribution of the B-DM with four segments for a 12-segment earthworm-like 

locomotion robot. (a) A broken, nonactuated body segment exists in the driven module (“1011”). (b) 

The nonactuated body segment is located at the boundary of the driven module (“0111”). 
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3. Modular Gait Generation Principle 

For the earthworm-like robot, the initial state of the gait is set to satisfy the transmis-

sion principle with a receding peristaltic wave. In the initial state of the earthworm-like 

robot, the head module is assumed to always be in the actuated state. For locomotion, the 

driven module may transmit in two modes for the nonfolded or folded waves. Here, we 

will give the transmission modes of the receding peristaltic wave on the driven module. 

One mode is the driven module waves without overlapping in the process of transmis-

sion. For the modular gait without any overlapping, the transmission mode is defined as 

the modular gait Ⅰ (MG-Ⅰ). The other mode is a driven module waves with overlapping in 

the transmission process. For the modular gait with overlapping, the relevant gait for lo-

comotion is defined as modular gait Ⅱ (MG-Ⅱ). 

3.1. Driven Module Waves without Overlapping 

3.1.1. Generation Algorithm for MG-Ⅰ 

In the transmission mode of driven module waves without overlapping, the number 

of transmission segments Tn  satisfies 

,   T td T pn n or n n  , (5)

where ntd equals the number of actuated body segments in the U-DM, and np equals the 

sum of the actuated segments npa and nonactuated segments npu in the B-DM, defined as 

Equation (4). 

The state of the ith segment at the t moment is defined as t
is , in which “0” represents 

the nonactuated state and “1” represents the actuated state. The states of all the segments 

can be composed as a state vector at a time point t, denoted by 
tz . So, for the earthworm-

like robot with TN body segments, there is 

 

1 2 3

0,1 ,

( , , , , ).

t
i

t t t t t
TN

s

s s s s



z 
 (6)

The state vector at each time moment can be determined according to the receding 

peristaltic wave locomotion characteristic of the earthworm. The locomotion gait 
0 1 2( , , , )nt tt tz z z z  can be successively obtained over a period of time. For the transmission 

of the driven module waves without overlapping, the period of the locomotion can be 

acquired as 

( / )TT TN n t  , (7)

where t  is the interval between each state transmission, and   is a smallest positive 

integer, rendering the value ( / )TTN n  to be an integer. Then, in the locomotion of an 

earthworm-like robot, the condition for a state switch is given as 

0

[ 1 ( 1) , ] 1
j

T

t t
i Mod i j n TNs s      , (8)

where Mod[·] expresses the modulo operation. According to the locomotion characteris-

tics of a receding peristaltic wave and the state transmission rule, a gait generation algo-

rithm for the driven module waves without overlapping is developed to generate the lo-

comotion gait. The routine of the algorithm is shown in Figure 5. First, the parameters, 

{ , , }Tk n TN , are fixed. Then, the verdict of the constraint conditions for Equation (3) or Equa-

tion (4) is confirmed. Next, the initialization gait is given. Finally, the transmission for the 

segments can be acquired as per Equations (6) and (8) for MG-Ⅰ. According to the algo-

rithm routine in Figure 5, arbitrary gaits can be generated. 
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Figure 5. Routine of the generation algorithm for MG-Ⅰ. 

3.1.2. Illustrations for MG-Ⅰ 

This section gives demonstrations for the different driven modules under the MG-Ⅰ. 

mode. In the illustration in this case, an earthworm-like robot with 12-body segments, i.e., 

TN = 12, is selected as an example. 

With the proposed gait generation algorithm (proposed in Figure 5) for a 12-segment 

earthworm-like robot, the gait transmission is shown in Figure 6. Assuming that each 

driven module consists of four body segments, the driven module passes to the fifth body 

segment and to the eighth body segment at the second moment, and so on, in a similar 

fashion. The gait generation demonstrates a 12-segment robot under the U-DM, as shown 

in Figure 6a. The earthworm-like locomotion robot advances 4 l  with each transmis-

sion of the U-DM. Figure 6b shows a gait generation demonstration for a 12-segment robot 

under the B-DM. The body state of the B-DM is indicated as “0111”. With each state trans-

mission of the B-DM, the earthworm-like locomotion robot advances 3 l . It is noticed 

that the fourth, eighth, and twelfth body segments of the robot are always in the nonactu-

ated state during the whole cycle of the receding peristaltic wave transmission. Although 
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this transmission mode is not the fastest, it is a necessary solution in some specific envi-

ronments. For example, an earthworm-like locomotion robot has a carrier segment or a 

segment where the actuator fails. 

 

Figure 6. A gait generation demonstration for a 12-segment earthworm-like robot with two different 

drive modules for MG-Ⅰ. A gait generation demonstration for a 12-segment robot with U-DM is 

shown in (a). The frequency of receding peristaltic wave is 1/3. The amplitude of the receding peri-

staltic wave is 4. A gait generation demonstration for a 12-segment robot under B-DM (“0111”) is 

shown in (b). The frequency of receding peristaltic wave is 1/3. The amplitude of the receding peri-

staltic wave is 3. 

3.2. Driven Module Waves with Overlapping 

3.2.1. Generation Algorithm for MG-Ⅱ 

As the results in references [17,18] for the peristaltic waves, as the actuated segments 

transmit from head to tail in the locomotion robot, the optimal gait is obtained, which is 

called the phase difference gait. For driven module gait generation in this study, the phase 

difference is considered the modular gait. In this modular gait, the number of transmis-

sion segments, Tn , is less than the sum of the number of body segments in the driven 

module (ntd or np). For MG-Ⅱ, the number of transmission actuated segments, Tn , satisfies 

1 ,  1T td T pn n or n n     (9)
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In contrast to MG-Ⅰ, the parameters for MG-Ⅱ, { , , , }p Tk n n TN  or { , , , }td Tk n n TN , are 

given initially. The state switch in the process of peristaltic waves transmission is defined 

as 

0

[ 1 , ] 1
j

T

t t
i Mod i j n TNs s      (10)

A generation algorithm for MG-Ⅱ is proposed to obtain the locomotion gait, accord-

ing to the receding peristaltic wave and the state transmission rule, given as Equation (10). 

The routine of the algorithm is shown in Figure 7, which can generate all the permissible 

locomotion gaits. 

 

Figure 7. Routine of the generation algorithm for MG-Ⅱ. 

3.2.2. Illustrations for MG-Ⅱ 

With the proposed gait generation algorithm in Figure 7, Figure 8 demonstrates the 

locomotion gait transmissions of the 12-segment robot with MG-Ⅱ under two cases: total 

or partial actuated segments. Figure 8a shows a gait generation demonstration for a 12-

segment robot under U-DM, while Figure 8b shows a gait generation demonstration for a 

12-segment robot under B-DM. Assuming that each driven module contains four seg-

ments, the number of transmission segments is less than the number of segments in one 

driven module (for the driven mode with MG-Ⅱ). Then, overlapped segments can occur 

in the transmission of the driven module. The overlapped segments keep the state of the 

previous movement, which are called “K” segments, as shown in Figure 8. 
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For the B-DM with gait generation, as per Figure 8b, the body state of the B-DM in-

dicates “0111”. The earthworm-like robot advances 2 l  with each transmission of the 

B-DM. The locomotion speed is related to the number of actuated segments and the num-

ber of transmission segments. There is only one “K” segment when transmitting two seg-

ments in every transmission, as shown in Figure 8b, since there is a nonactuated segment 

at the tail end of the driven module (looking from right to left). The number of “K” seg-

ments is related to the arrangement of the actuated segments and the nonactuated seg-

ments in the driven module. 

4. Locomotion Simulation 

In Sections 2 and 3, the driven module, the modular gait generation algorithm, and 

the illustrations for locomotion are given. A simulation of the locomotion of an earth-

worm-like robot based on a dielectric elastomer actuator is analyzed in this section. It is 

stated that the earthworm-like locomotion robot can realize crawling locomotion via the 

combination of anchoring constraint and gait. 

4.1. The Locomotion Simulation of an Earthworm-like Robot 

In order to simulate the locomotion of the earthworm-like robot, a flow chart of the 

calculations, which consists of three parts, is shown in Figure 9. It is assumed that each 

movement of the peristaltic wave adopts complete anchorage without slip. First, the pa-

rameters, including the geometric parameters (initial body length l0; the number of body 

segments TN) and material parameters (the linear spring with stiffness k, spring stiffness 

ki, the viscous coefficient ci, and the equivalent mass m) are assigned. Then, after the input 

excitation voltage, the xi is calculated by Equation (1). The minimum and maximum points 

of xi are stored with LMin[i] and LMax[i], respectively. The body length li (t) of the actuated 

segment can be calculated by Equation (2). Finally, taking the position of the last body 

segment, lastp , as a reference point, the peristalsis locomotion pi path of the earthworm-

like robot is obtained by updating the coordinates of the body segment, according to 

TN

i last TN m i
m i

p p l  


    (11)

According to the routine of the earthworm-like robot locomotion simulation shown 

in Figure 9, a 12-segment earthworm-like locomotion robot is used for numerical illustra-

tion. The results of the modular gait transmission and displacement are shown for the 

unbroken/broken driven module under driven module waves with/without overlapping. 

Figure 10 shows the gait generation and locomotion for U-DM with three/four actuated 

segments under MG-Ⅰ. For the earthworm-like robot with only one driven module, the 

number of actuated segments within the driven module determines the frequency and 

amplitude of the receding peristaltic wave. The characteristics of the wave determine the 

robot locomotion performance. In Figure 10a, the frequency of the receding peristaltic 

wave is 1/4, and the amplitude of the receding peristaltic wave is 3. In Figure 10b, the 

frequency of the receding peristaltic wave is 1/3, and the amplitude of the receding peri-

staltic wave is 4. Locomotion performance is positively correlated with the amplitude of 

the receding peristaltic wave. As shown in Figure 10, the earthworm-like robot with the 

driven module of four actuated segments has better locomotion performance than an 

earthworm-like robot with three actuated segments as the driven module. 
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receding peristaltic wave is 1/4, and the amplitude of the receding peristaltic wave is 3. 

The earthworm-like robot stretches three segments every time it updates, generating a 

displacement of 3 l . Therefore, the locomotion speed of the earthworm-like robot is 

positively correlated with the amplitude of the receding peristaltic wave. 

 

Figure 11. Locomotion simulations of a 12-segment earthworm-like robot based on U-DM with MG-

Ⅱ. The line located in the number is the locomotion tracks of the body segments. The driven module 

consists of four actuated segments. (a) The transmission segments contain two segments. (b) The 

transmission segments contain three segments. 
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wave, and a faster speed can be obtained. That is, compared to the locomotion speeds 

between the two cases, this reveals that the more segments that are kept actuated, the 

faster the movement of the robot. 
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Ⅰ. The line located in the number is the locomotion tracks of the body segments. (a) The B-DM for 
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peristaltic wave is 2. When the number of transmission segments is three, there is one 

segment that is an overlapping wave, as shown in Figure 13b. The frequency of the reced-

ing peristaltic wave is 1/4, and the amplitude of the receding peristaltic wave is 2. There-

fore, a faster frequency can also obtain greater speed. When more actuated segments are 

transmitted at a time, the earthworm-like robot can obtain a faster speed. 

 

Figure 13. Locomotion simulations of a 12-segment earthworm-like robot based on B-DM with MG-

Ⅱ. The line located in the number is the locomotion tracks of body segments. Three actuated seg-

ments in the B-DM of four body segments (“1011”). (a) The transmission segments consist of two 

segments. (b) The transmission segments consist of three segments. 

4.2. Gait Analysis and Discussions 

Through the gait generation analysis for kinematics, the average speeds of the earth-

worm-like locomotion robot in different modes are obtained, as shown in Table 1. Based 
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Table 2 analyzes the upper limit of the average speeds with different locomotion 

modes when the earthworm-like robot has one driven module. For the driven module 

with three segments, the maximum locomotion speed is 3V . For the driven module with 

four segments, there are four locomotion modes. When all segments in the driven module 

are actuated, the average speed is the fastest (up to 4 V ) under the driven module with 

MG-Ⅰ. As the driven module has a broken segment in it, the average speed can reach 3V

, which is 75% of the maximum locomotion speed of the U-DM. The average speed (3V ) 

is the same as the maximum locomotion speed of the three-segment driven module, and 

this is better than the average speed of the four-segment driven module with MG-Ⅱ. Ac-

cording to the analysis, the desired locomotion speed of the earthworm-like robot can be 

obtained by choosing the appropriate locomotion mode when there are broken or over-

loaded segments in the earthworm-like robot. 

Table 2. The average speeds when k = 1. 

The Number of Body Seg-

ments in a Driven Mod-

ule (n) 

Driven Modules Wave Transmission Modes Average Speeds 
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 

 

For the same number of body segments, TN, the average speed is positively corre-

lated with the number of driven modules, the number of actuated body segments, and the 

number of transmission segments. The average speed does not depend on the number of 

segments of the earthworm-like robot, TN. The optimal phase difference gait control 

makes the earthworm-like robot obtain an effective average speed in related work [15]. 

However, with an increase in robot body segments, its weight also increases, resulting in 

the locomotion speed saturation phenomenon. When compared with the optimal phase-

difference gait control of the servo-driven rigid-body robot, the modular gait control 

shows better performance on the light flexibility robot. There is no saturation phenome-

non regarding the average speed with an increase in the number of body segments. When 

the proportion of the actuated segments is larger, the robot has a greater speed. More 

importantly, different modular gait control designs can compensate for the lost mobility 

of the robot due to the inoperable parts of its body segments. 

Because the mass of the body segments of the rigid-body earthworm-like robot is 

large, a large number of body segments leads to a heavy load. Lumping resistance will 

lead to a decrease in the locomotion efficiency of the earthworm-like robot. For the robots 

with dielectric elastomer actuators and multiple body segments, it will not be difficult to 

move forward because of the light weight of the earthworm-like robot. Therefore, this is 

an important reason for the use of soft, lightweight actuators in earthworm-like locomo-

tion robots. 
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5. Conclusions 

In this paper, driven modules and modular gaits that are realized by using soft actu-

ators due to their low weight and flexibility are proposed. Two driven modules and two 

locomotion transmission modes are analyzed. For the different driven modules, we give 

the gait generation algorithms. When compared to rigid-body earthworm-like robots, the 

soft, earthworm-like robots with a modular driven mode has great advantages in locomo-

tion performance. The soft, earthworm-like robots can locomote under ultra-low fre-

quency excitation with appropriate shifts. Based on the gait analysis and simulation re-

sults, the main contributions of this study are summarized as follows: 

1. A locomotion algorithm is proposed to simulate the locomotion of the soft, earth-

worm-like robot. The locomotion of a 12-segment earthworm-like robot is numeri-

cally simulated based on different modes. The locomotion speed of the earthworm-

like robot is positively correlated with the frequency and amplitude of the receding 

peristaltic wave. The robot can obtain higher speeds when the proportion of the ac-

tuated segments increases. For the driven module containing n segments, the maxi-

mum speed is k n V ; 

2. The average speeds for different locomotion modes are obtained. For the dielectric-

elastomer-driven robot, the proportion of the number of actuated segments strongly 

affects the average speed. As the proportion of the number of actuated segments in-

creases, the average speed increases; 

3. When there are failed segments in the robot, a modular gait mode can be designed to 

improve the locomotion speed of the robot. For the driven module, npa = 3 and npr = 1, 

there are three different speeds: V , 2V , and 3V . 

Based on the results of the modular gait generation method and the corresponding 

average speed, the modular driven mode has excellent locomotion performance. The the-

oretical analysis and simulation results of this paper provide the necessary theoretical 

support for the flexibility and low weight of earthworm-like locomotion robots. 
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