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ABSTRACT A multistage adaptive lateral deformation tracked robot was designed to improve the passing
ability of field robots. The designed robot can change its width under the combined action of space
barrier constraint and internal stored elastic potential energy. The lateral sliding friction affected by grouser
parameters during lateral deformation is a key factor that determines whether or not the robot can achieve
deformation. This study focuses on the track terramechanics and grouser parameter optimization. On the
basis of the theory of terramechanics, the interaction of the flexible track lateral movement with the ground
model and traction model was established. Taking the requirement of traction as the constraint condition and
the minimum lateral sliding resistance as the optimization objective, we used the multitarget optimization
algorithm (NSGA-II) to optimize and analyze the grouser parameters. Then, the optimal combination of
grouser parameters was obtained. Simulation analysis was carried out on RecurDyn software to complete
the simulation verification of the lateral force and traction force under different grouser parameters. The
correctness of the theoretical model and the optimization of the grouser parameters was verified through
prototype experiments.

INDEX TERMS Multistage deformation, tracked robot, track lateral movement, grouser parameter opti-
mization, RecurDyn simulation.

I. INTRODUCTION
Natural disasters and accidents have occurred frequently in
recent years, and the corresponding loss of lives and prop-
erties has been increasing. When a mobile robot encounters
an environment that requires it to pass through a narrow
space, such as a narrow passage, a ruin passage, and a narrow
mine tunnel, it usually uses a method to bypass such an
environment. The use of such method increases the robot’s
moving distance, execution time, and energy consumption,
thereby rendering it useless in certain tasks involving a nar-
row environment. The use of intelligent mobile robots to
perform emergency rescue, daily inspection, monitoring, and
early warning in complex and dangerous environments has
thus become increasingly important, and related research has
achieved positive results.

The associate editor coordinating the review of this manuscript and

approving it for publication was Bilal Alatas .

Numerous countries have developed a variety of mobile
robots for reconnaissance and rescue to ensure the safety
and efficiency of these tasks. The moving mechanisms used
include snake, wheeled, tracked, foot, wheel-tracked compos-
ite, wheel-leg composite, and so on [1]–[5]. Tracked robots
are widely used because tracked structures can adapt to
complex ground environments. Fixed tracked robots include
Packbot, Quince, Dragon Runner, etc. [6]–[8]; deformable
tracked robots include TSSTV, AMOEBA-I, RESCUER,
etc. [9], [10]. Although current reconnaissance and rescue
robots have their own characteristics, they cannot enter spaces
that are smaller than their own widths due to their mechan-
ical structure, dimensions, driving force, and other factors.
Moreover, they cannot complete rescue tasks well in complex
disaster environments [11].

To understand the trafficability of tracked robots in dif-
ferent terrains and improve their adaptability in complex
environments, previous research has explored the mechanism
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of the interaction between tracked structures and the ground
on the basis of the theory of terramechanics [12]. The related
methods are classified into four categories, namely, empir-
ical, semi-empirical, physics-based, and numerical analysis
methods [13]–[16]. The current research mainly analyzes
the influence of ground physical parameters on the traction
ability of vehicles by establishing a terramechanics model
and focuses on the modeling of large-scale tracked vehicles.
However, the analyses of small tracked robots, especially
tracked robots made of flexible rubber, are relative few.

On the basis of the research progress described herein,
we identify two major deficiencies of current field robots that
need to be resolved to facilitate their use in complex operating
environments:

• Using the constraints of the environment to deform
robots effectively and eliminating the dependence on
active driving to generate energy consumption caused
by robot deformation so as to enable robots to operate
for long periods and in wide working spaces;

• Solving the effect of the grouser on the lateral sliding
force and traction. The robot is subjected to lateral slid-
ing force when it turning and moving laterally, and the
smaller the lateral sliding force, the better for the robot.
At the same time, lateral sliding force and traction show
a nonlinear relationship, that is, they are coupled, and
they influence each other. Optimizing the grouser to
minimize the lateral sliding resistance under the condi-
tion in which the traction force is large enough.

To address these deficiencies, especially the former one that
has emerged as a hot research topic, we designed a multi-
stage adaptive lateral deformation tracked robot, established
a tracked terramechanics model made of flexible rubber, opti-
mized track parameters, and completed simulation and exper-
imental verification. The main contributions of this work are
summarized as follows:

• A robot is designed under the combined action of space
obstacle constraints and internally stored elastic poten-
tial energy. The proposed robot can deform perpendic-
ularly toward the direction of movement and change its
own width to enter a narrow space;

• The terramechanics model of a small tracked robot made
of flexible rubber is established, and the track parameters
are optimized;

• A simulation analysis is completed using RecurDyn
software, and the experimental verification of the pro-
totype is carried out on field sand.

This article is organized as follows. Section II introduces the
structure and deformation process of the robot. Section III
discusses the theory of terramechanics and provides in detail
the effects of grouser parameters. The lateral sliding model
and traction model of the flexible tracked robot are also
described in this section. Section IV presents the optimiza-
tion of the grouser parameters based on the established
models. Sections V and VI respectively describe the sim-
ulation and outdoor verification processes. The simulation

FIGURE 1. Structural diagram of the robot.

FIGURE 2. Three-level deformation process.

and experimental results are also extensively explained.
Section VII presents the conclusions.

II. ROBOT STRUCTURE DESIGN AND ANALYSIS
The structure of the robot designed in this work is shown
in Fig. 1. Following a modular design, we adopt the modular
mechanical connection scheme of a ‘‘building block’’ in our
robot design. The robot is composed of two track modules,
two suspension modules, two collision mechanism modules,
and a deformation platform module. The three-stage tele-
scopic mechanism is included by deformation platform mod-
ule. The modules are connected by a universal lock and can
be disassembled quickly and carried conveniently.

For small robots, it has the advantages of large load, long
driving distance, and strong ability to overcome obstacles.
For robots with the same size, it can deform transversely to
change its width and thus exhibits strong terrain passability
and environmental adaptability.

In addition, the width of the tracked robot has an impor-
tant impact on turning stability and energy consumption.
With the increase of width, the stability of turning is better,
the energy consumption of turning is smaller, and less likely
to rollover. However, when the width of the robot is too large,
it cannot pass through some narrow spaces, so the working
range is limited.

The multistage deformation process of the robot is shown
in Fig. 2. This process is realized by the collision mech-
anism in front of the robot and the deformation platform
mechanism in the middle. The internal core structure of the
deformation platform is a three-stage step-by-step telescopic
mechanism, which comprises three tension springs. After
the collision mechanism comes into contact with obstacles,
the limit device of the telescopic mechanism is triggered,
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FIGURE 3. Three-stage telescopic structure.

and the first-stage tension spring is released to pull the two
tracks to move to the middle. At the same time, the plat-
form deforms upward, and the robot completes the first-
stage lateral deformation. If the robot is still unable to pass
through the narrow space, the collision mechanism collides
with the obstacle again, and the secondary tension spring is
released to complete the second lateral deformation. After
three collisions, the deformation degree of the robot reaches
the maximum, and the deformation process is realized step
by step.

The three-stage telescopic mechanism is the main mecha-
nism for the robot to achieve deformation, and the structure,
which include four spring tubes, three extension springs, two
reset springs, and the corresponding limit device, is shown
in Figure 3.

When the platform is undeformed, three extension springs
are in a stretched state. The sliding block is pressed against
the fixed block to limit the contraction of the spring. After the
collision mechanism installed on the track module collides
with the external objects, the collision mechanism pulls the
linking piece, which drives the trigger to rotate and removes
the restriction on the slide block. The extension spring is
contracted back while the linking piece and the trigger are
restored to the initial position under the extension of the return
spring, and the first deform is completed. After the second
and third collisions using the same steps, the second and third
deformation processes are completed.

During the lateral deformation of the robot, the two tracks
move to the middle through friction with the ground. There-
fore, an important factor influencing the capability of the
robot to smoothly achieve deformation is the magnitude of
friction during translation. The size of the lateral sliding
friction also exerts a significant impact on spring selection,
structural analysis, and optimization design.

Among the many factors that affect the lateral sliding
friction, the grouser parameter is the important factor that
must be considered. During the contact between the grouser
and the ground, parameters such as height, thickness, and
pitch produce different friction forces. Moreover, different
tractions are produced during the driving process. Most exist-
ing research focused on the rolling friction of the track
and the influence of track structure parameters on traction,
and thus, little is known about the friction of the lateral

translation of the track [17], [18]. Therefore, following the
theory of terramechanics, we model the interaction between
the flexible track and the ground. Two factors, namely, lateral
sliding friction and traction, are considered to optimize the
grouser parameters. Simulation and experimental verification
are then performed.

III. TRACK–GROUND INTERACTION MODEL
The research on the contact between the track and the
ground belongs to the category of vehicle terramechanics.
Researchers have carried out in-depth investigations, and they
have established numerous theories, such as the vehicle cone
index and Bekker theory [19]–[21]. With this research foun-
dation, the study on the optimization of grouser parameters is
carried out.

Herein, the robot adopts a flexible rubber track, which
causes great deformation during movement. The grouser
effect is also prominent during the lateral sliding process. The
grouser effect is mainly reflected in the shear force of the
grouser on the soil, and the coupling effect of track subsi-
dence and lateral slip is analyzed [22], [23]. On the basis of
the theory of vehicle terramechanics, we consider the impact
of the grouser effect and establish the lateral sliding model
and traction model of the flexible track. Then, considering
the shape parameters of the grouser, we analyze a single
grouser in terms of lateral sliding and traction force. With
the subsidence distribution function, we finally establish the
lateral sliding force model and traction force model of the
whole track.

A. SUBSIDENCE DISTRIBUTION FUNCTION
The distribution of subsidence is related not only to soil
type but also to the geometric structure of the track and
ground [24]. Therefore, on the basis of the characteristics of
the flexible track, a function suitable for the calculation of the
subsidence distribution of the flexible track is established.

The interaction model between the whole robot and the
ground is shown in Fig. 4. The deformation of the track
leads to a curve in the middle of the contact with the soil.
In addition, when the robot moves, the soil heaves at the front
part of the first bearing wheel. Therefore, the calculation of
subsidence is divided into three parts: the first load-bearing
part, the middle track part, and the other three load-bearing
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FIGURE 4. Whole track on deformable terrain.

parts; the three parts maintain the continuity of the track
shape and thus ensure the continuity of track subsidence
distribution.

The sinkage of the bearing wheel is zi and can be obtained
from the empirical formula [25]z1 =

[
3W1/

[
(3− n)

(
kc + bkϕ

√
2r
)]](2/(2n+1))

zi = zi−1 + L1 sinψ (i = 2, 3, 4)
(1)

where W1 is the radial vertical load on the bearing wheel, n
is the sinkage exponent of soil, kc is the cohesion of soil, kϕ
is the frictional modulus of soil, r is the radius of the bearing
wheel, L1 is the distance of the bearing wheel, and ψ is the
horizontal angle.

The entry angle of the road wheel and soil is θi1, and the
departure angle is θi2 according to the geometric relations and
experience [26]:

θ11 = cos−1 (1− z1/r)

θi1 = arcsin
L1

2 (r + Ri−1)
(i = 2, 3, 4)

θi2 = 0.6θi1 (i = 1, 2, 3, 4)

(2)

As the deformation of the track is regular under the condition
of soft road, we assume that the part of the crawler in contract
with the ground is arc-shaped with a radius of Ri,

Ri =
L1

2 sin (θi2 + ψ)
− r (i = 1, 2, 3) . (3)

In summary, the subsidence of any point under the wheel is
as follows:

z = zi − r(1− cos θ ) (i = 1, 2, 3, 4) , (4)

The subsidence of any point under the middle track is as
follows:

z=zi − r(1− cos θi+1,1)− Ri (cos θ − cos θi2) (i = 1, 2, 3) .

(5)

FIGURE 5. Single track shoe load force.

FIGURE 6. Track traverse scraping model.

B. TRACK LATERAL SLIDING MODEL
By analyzing the literature, we know that the ‘‘in-line’’ track
is often used in small robots, which are suitable for various
complex environments, such as obstacle crossing and stair
descent. Therefore, the grouser shape studied in this work is
‘‘in line’’. The force analysis of a single track shoe is shown
in Fig. 5. F11 is the bottom force of the track shoe, F12 is the
bottom force of the grouser, F13 is the force perpendicular to
the side of the track shoe and grouser, F14 is the force at both
ends of the grouser, d is the grouser thickness, h is the grouser
height, l is the grouser pitch, b is the track width, and s is the
sliding distance.

The stresses at the bottom of the track shoe and grouser are
p1 and p2, respectively.

p1 =
(
kc
b
+ kϕ

)
zn

p2 =
(
kc
b
+ kϕ

)
(z+ h)n

(6)

F11 = b (l − d) η (v) (c+ p1 tanϕ) , (7)

F12 = bdη (v) (c+ p2 tanϕ) , (8)

η (v) =
ηmaxv+ 0.12
v+ 0.12

, (9)

where c is the cohesion of soil, ϕ is the internal friction angle
of soil, v is the shear rate, and η is the amplification factor.

During the lateral movement of the track, a part of the soil
is scraped up, as shown in Fig. 6, where Vp1 is the volume of
the soil scraped. According to the theory of retaining wall,
the soil close to the track is squeezed, and the soil is in
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Rankine stress state. Fpn1 is the force acting vertically on the
track, and Fp1 is the shear force of the soil on the grouser.

vp1 = (hd + zl)s, (10)

Fpn1 = d
∫ h

0

(
γ zKpγ + γ vp1Kpq + cKpc

)
dz

+ l
∫ z

0

(
γ zKpγ + γ vp1Kpq + cKpc

)
dz, (11)

Fp1 = c (hd + lz)+ Fpn1 tan δ, (12)

F13 = Fpn1 + Fp1, (13)

F14 =
phb
π

arctan
h
l
, (14)

where γ is the unit weight of soil; Kpγ , Kpq, Kpc are the
coefficients related to soil strength; δ is the friction angle of
the soil and track; and p is the average ground pressure.

In summary, the maximum force on each track shoe under
lateral sliding is as follows:

FLI = F11 + F12 + F13 + F14, (15)

The maximum force on the whole track is as follows:

FL =
N∑
I=1

FLI , (16)

where FLI is the lateral force on the I track shoe and N is the
number of track shoes in contact with the ground.

C. TRACK TRACTION MODEL
Traction is an important index to evaluate vehicle
performance, and it is given by the difference between track
adhesion and driving resistance. Driving resistance includes
compaction resistance and bulldozing resistance. The adhe-
sion and driving resistance of a single track shoe are analyzed,
he maximum adhesion model of the whole track is then
established, and the maximum traction model of the whole
track is obtained.

1) TRACK ADHESION MODEL
The adhesion model of a single track shoe is shown in Fig. 7.
F21 is the horizontal force acting on the bottom of the track
shoe, F22 is the horizontal force acting on the bottom of the
grouser, F23 is the force acting on the vertical surface of the
grouser, and F24 is the horizontal force acting on the end of
the track shoe. j is the sliding distance, K is the shearing
deformation modulus of soil, and i is the slip rate.

j = ix, (17)

F21 = b (l − d) η (v) [c+ p1 tanϕ] , (18)

F22 = bdη (v) [c+ p2 tanϕ] , (19)

vp2 = (h+ z)bj, (20)

Fpn2 = b
[ ∫ h

0

(
γ zKpγ + γ vp2Kpq + cKpc

)
dz

+
∫ z
0

(
γ zKpγ + γ vp2Kpq + cKpc

)
dz

]
(
1− e−j/K

)
, (21)

Fp2 = cb (h+ z)+ Fpn2 tan δ, (22)

F23 = Fpn2 + Fp2, (23)

F24 =
phl
π

arctan
h
b
. (24)

In summary, the maximum adhesion of each track shoe is as
follows:

FTI = F21 + F22 + F23 + F24. (25)

The maximum adhesion of the whole track is as follows:

FT =
N∑
I=1

FTI . (26)

where FTI is the adhesion force on the I track shoe.

2) DRIVING RESISTANCE
a: COMPACTION RESISTANCE
The stress at the bottom of the track meets the requirements
as follows:

p1bL
(
1−

d
l

)
+ p2bL

d
l
=
W
2
, (27)

The work done by the robot at distance S is as follows:

E1 = 2bS
(
1−

d
l

)∫ z0

0
p1dz+ 2bS

d
l

∫ z0

0
p2dz, (28)

E1 = FRCS, (29)

where FRC is the compaction resistance.
Organizing the formula for compaction resistance yields

FRC = 2
kc + bkϕ
n+ 1

{[
zn+10

(
1−

d
l

)]
+
d
l
(z0 + h)n+1

}
.

(30)

b: BULLDOZING RESISTANCE
According to the theory of retaining wall, bulldozing resis-
tance FRT is obtained as

FRT = 2b
(
cz0Kpγ + 0.5z20γKpγ

)
. (31)

In summary, the maximum traction FH of the whole track is

FH = FT − FRC − FRT . (32)

IV. GROUSER PARAMETER OPTIMIZATION
The force process of the adaptive deformation movement is
mainly concentrated on the lateral sliding force of a track
shoe. The interaction between the lateral sliding of the track
and the soil is an important factor that determines whether a
robot can achieve deformation successfully. Therefore, on the
basis of the lateral sliding force model and traction model
established herein, the grouser parameters are optimized, and
the influence of each parameter is analyzed.

Lateral sliding force and traction show a nonlinear rela-
tionship, that is, they are coupled, and they influence each
other. When optimizing the design of the grouser to reduce
the lateral force, the traction force must also be considered
because the reduction of the lateral force may mean that the
traction force is also reduced. Therefore, our optimization
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TABLE 1. Calculation of model parameters.

TABLE 2. Selection range of grouser parameters.

goal is to minimize the lateral sliding resistance under the
condition in which the traction force is large enough.

On the basis of the proposed lateral sliding force model and
traction model and by meeting the requirements of traction
force as the constraint condition and reducing the lateral slid-
ing resistance as the optimization objective, the optimization
mathematical model is established as follows:

minFL =
N∑
I=1

FLI

s.t. FH ≥ FS

(33)

where FS is the minimum traction to meet the performance
requirements of the robot.

The optimization design of the grouser is a multidimen-
sional and complex problem; thus, the multitarget optimiza-
tion algorithm (NSGA-II) is used to optimize and analyze the
grouser parameters. Field tracked robots often works under
the clayey soil environment, so clayey soil is selected to
optimize grouser parameters. The calculation parameters for
clayey soil are shown in Table 1 [27], [28].

The ranges of the grouser parameters variables that meet
actual design constraints, strengths, and other requirements
are shown in Table 2.

In the MATLAB programming simulation environment,
the optimal result is obtained after iterative optimization.
When the grouser height, thickness, and pitch are 8, 5, and
22 mm, respectively, the traction force is 389 N, and the lat-
eral sliding friction force is 203 N. According to the proposed
lateral force and traction models, the lateral force and traction
are plotted with the changes in grouser parameters (Fig. 8).
The results show that when the grouser parameters are the
same as the optimization results, the lateral force reaches the

FIGURE 7. Track adhesion model.

FIGURE 8. Change diagram of lateral and traction forces.

minimum while the traction force reaches the maximum; this
outcome is consistent with the optimization result.

V. LATERAL FORCE AND TRACTION SIMULATION
The grouser parameters are optimized on the clayey soil in
section IV. To verify the theoretical model and optimiza-
tion results of the grouser parameters, the simulation and
experimental verification are completed on the clayey soil in
sections V and VI respectively. In addition, to compare with
the results on the clayey soil, simulation and experiment are
carried out on the sandy loam.

Simulation model is established that is based on the
RecurDyn multibody system dynamics simulation software.
The model is used to calculate the lateral forces and trac-
tions of different grouser parameters. RecurDyn comprises a
low-mobility track system toolkit Track (LM) that is designed
specifically for tracked vehicles and can conveniently model
tracks, drive wheels, and other components.

A three-dimensional model of the platform is built in Solid-
Works software and imported into RecurDyn/Track (LM).
Components such as crawlers, tensioning wheels, driving
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FIGURE 9. Lateral force measurement model.

FIGURE 10. Lateral force–lateral displacement curve.

wheels, etc. are parameterized in Track (LM). The whole
system is then assembled, and the multibody dynamic model
is established. On the basis of the established multibody
dynamic model, the lateral force and traction of the robot are
verified.

A. LATERAL FORCE SIMULATION TEST
To test the pulling force required for the lateral movement
of the robot, we add a gradually increasing lateral force at
the center of gravity of the model and perpendicular to the
direction of robot movement (Fig. 9). The simulation results
are shown in Fig. 10. When the pulling force is less than
the maximum static friction force experienced by the robot,
the robot is at a standstill. As the pulling force gradually
increases and the pulling force exceeds the maximum static
friction force received by the robot, the robot starts to move
laterally; the lateral force is measured at this time. The aver-
age value is calculated through multiple simulations, and the
lateral force is obtained.

B. TRACTION SIMULATION TEST
To test the traction of the robot, we add a driving force that
should make the robot move forward at a constant speed.
When the robot movement state is stable, a gradually increas-
ing pulling force at the center of gravity and opposite to the
movement direction is added (Fig. 11). As the pulling force
increases, the speed decreases gradually and drops to zero,
in which case the robot is in a slipping state. At this time,
the maximum traction is obtained. The simulation results are
shown in Fig. 12. The average value is calculated through
multiple simulations, and the traction is obtained.

FIGURE 11. Traction force measurement model.

FIGURE 12. Speed–slip rate curve.

To verify the correctness of the theoretical analysis and
simulation model, we take four values of grouser height,
thickness, and pitch and simulate themwith a control variable
method. The results and errors are shown in Table 3 and
Table 4. The results of the lateral sliding force model and
traction model, as well as the results in Table 3 and Table 4,
are plotted in Fig. 13. The table and graph show that the
theoretical analysis and computer simulation value share the
same trend. On the clayey soil, the maximum absolute error
is 14 N, the average is 7.3 N, the maximum relative error
is 12.77%, and the average is 3.6%. On the sandy loam,
the maximum absolute error is 18 N, the average is 7.2 N,
the maximum relative error is 11.11%, and the average is
3.3%. Although certain differences exist, they are all within
the acceptable range. Thus, the validity of the models is
verified.

VI. EXPERIMENTAL VERIFICATION
On the basis of the theoretical and simulation results, the pro-
totype of the robot is developed, and an outdoor experiment
is carried out. According to the calculation results, the height,
thickness, and pitch of the grouser are taken as 8, 5, and 22
mm, respectively.

A. EXPERIMENT PROCEDURE
The experimental scene is shown in Fig. 14. The experimental
method is the same as that in the simulation model, and the
experiment is completed on outdoor. A high-precision digital
display force dynamometer is adopted, and the measurement
accuracy is 0.01 N. The supporting data analysis software of
the dynamometer can display, record, and store measurement
data in real time. The specific experimental process is as
follows:

Lateral force test process: The robot is placed on the flat
soil, and the projection point of the robot’s center of gravity
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TABLE 3. Comparison of simulated and calculated values on the clayey soil.

TABLE 4. Comparison of simulated and calculated values on the sandy loam.

FIGURE 13. Influence of grouser parameters on lateral force and traction on the sandy loam and clayey soil.

171394 VOLUME 8, 2020



Y. Bai et al.: Terramechanics Modeling and Grouser Optimization for Multistage Adaptive Lateral Deformation Tracked Robot

FIGURE 14. Prototype robot and experiment.

is pulled on the side with a dynamometer. As the pulling
force gradually increases, the robot starts to move laterally.
The measurement is completed when the robot moves at a
constant speed. The effective value is taken, and the average
value is calculated to obtain the lateral force measured at this
time. After multiple measurements, the average value of each
lateral force is calculated to obtain the final lateral force.

Traction test process: The robot is driven forward at a con-
stant speed on flat soil, and the projection point of the robot’s
center of gravity is pulled from behind with a dynamometer.
As the pulling force gradually increases, the robot starts to
slip until the slip rate reaches 100%. The forward speed
then drops to zero, and the measurement is completed. After
multiple measurements, the average value of each traction
force is calculated to obtain the final traction force.

B. EXPERIMENTAL RESULTS AND ANALYSIS
The simulated and experimental values are listed in Table 5
and Table 6. Each lateral force and traction experiment is
measured in 10 groups on the clayey soil and sandy loam.
On the clayey soil, the average of the lateral sliding friction
force is 219 N, and the average of maximum traction is 391N.
The variances of the lateral force and traction obtained in
the experiment are 2.19 and 3.35, respectively. On the sandy
loam, the average of the lateral sliding friction force is 211 N,
and the average of maximum traction is 382 N. The variances
of the lateral force and traction obtained in the experiment
are 3.27 and 2.56, respectively. These values indicate that the
experimental data are concentrated, the fluctuation is small,
the result is stable, and the experimental program is accurate
and effective.

Comparing the simulation value and experimental value
shows that the maximum absolute error is 9 N and that the
maximum relative error is 3.8%. The experimental value is
close to the theoretical value, and the error is small. This out-
come verifies the correctness and feasibility of the built lateral

TABLE 5. Comparison of experimental results on the clayey soil.

TABLE 6. Comparison of experimental results on the sandy loam.

slip model and traction model, as well as the correctness of
the optimization results of the grouser parameters.

VII. CONCLUSION AND FUTURE WORK
A. SUMMARY OF CONCLUSIONS
To meet the requirements of high mobility and high traf-
ficability of field robots, we design a multistage adaptive
lateral deformation tracked robot and optimize the grouser
parameters. The following achievements and conclusions are
obtained.

First, the designed robot can change its width through lat-
eral deformation. The design solves the common outstanding
problems of existing field operation robots. The designed
has relatively strong terrain passability and environmental
adaptability, and it can complete field tasks efficiently and
safely.

Second, the lateral sliding model and traction model of the
whole track are established, along with the grouser param-
eters. The multitarget optimization algorithm (NSGA-II) is
used to optimize and analyze the grouser parameters. The
minimum lateral sliding force is 215 N when the height,
thickness, and pitch are 8, 5, and 22 mm, respectively, under
the condition of meeting the traction requirements.

Third, the simulation model is built in RecurDyn/Track
(LM), the robot prototype is developed, and the experimental
verification is completed on outdoor. The results obtained
are close to the theoretical values, and the correctness of the
theoretical model and simulation results is verified.

B. FUTURE WORK
After the robot completes its deformation, it cannot return
to its original width with its own force. Therefore, we will
improve the deformation platform and add a driving mech-
anism on the platform to assist the robot in completing the
deployment deformation.

In terms of grouser parameter optimization, we only com-
pleted the modeling and verification on the clayey soil and
the sandy loam. In the next step, we will perform analyses
and experiments on clay road, gravel road, and grassland.
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