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Introduction: In rescue mission scenarios, special vehicles need to frequently
navigate through complex terrains such as muddy wilderness and rugged
mountains, which poses challenges to their mobility, obstacle-crossing
capabilities. However, the existing wheeled special vehicles have a poor
passing ability, while the tracked special vehicles have a poor maneuverability.
Neither of them can meet the requirements in complex rescue scenarios.
Methods: To solve the problem, this work proposes a scheme of wheel-track
composite variant wheels, and analyzes the switching principle between the
wheels and tracks. Using mechanical principles and geometric methods, an in-
depth theoretical analysis of the passing ability is carried out, and the main
structural parameters are designed. By means of the finite element method,
transient and static analyses are carried out. According to the analysis results, the
key parts with the greatest stress and deformation are precisely located, and the
stress singular points are dissected to provide a clear direction for optimization.
Based on the analysis results, the structural parameters are optimized by using the
response surface methodology, such that both the stress and deformation meet
the requirements of strength and stiffness. Finally, a prototype is fabricated based
on the optimized results and field tests are conducted.
Results: The test results show that the variant wheel optimized is significantly
superior to the traditional wheel in terms of the maximum height of climbing step
and maximum grade-ability. In terms of the maximum speed, it far exceeds the
tracked structure.
Discussion: The research provides theoretical support and practical guidance for
comprehensively enhancing the maneuverability and passing ability of special
vehicles.
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1 Introduction

In recent years, the complex and changeable non-structural environment in the fields of
rescue puts forward higher requirements for the maneuverability and passing ability of
special vehicles (Liu et al., 2019). At present, the traditional travel mechanism mainly
includes wheel and track, the wheeled mechanism is relatively simple, flexible turning, low
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manufacturing cost, and most widely used. Although it has high
mobility, its passing ability and climbing ability is limited, and is not
suitable for the driving condition of special vehicles. The tracked
mechanism has a larger area in contact with the ground, ground
pressure is little, and the traction adhesion and off-road
maneuverability are good. Although its passing ability is better
than that of wheeled mechanism, its maneuverability is poor. The
steel tracks have a greater destructiveness to cement road surface,
and the maintenance cost is higher (Gao and Zhang, 2023; Su et al.,
2017). In view of the problems existing in the traditional travel
mechanism, some scholars put forward the wheel-track replacement
travel mechanism, which adopts replaceable tracks. Although it can
achieve all-terrain cross-country travel, the disadvantage is that the
re-placement of tracks and wheels is troublesome, and the tracks and
wheels need to be carried, increasing energy consumption (Wang
et al., 2024; Song et al., 2024). Therefore, it is necessary to develop a
new wheel-track composite variant wheel mechanism, which have a
high mobility on flat surfaces and high adaptability in muddy and
pothole terrain and meet the requirements of high mobility and
good passing ability of modern special vehicles.

At present, many foreign scholars have done a lot of research on
the traveling mechanism of special vehicles. Kim Yoon-Gu et al.
designed a wheel-track reconfigurable robot composed of ordinary
wheels and folded tracks (Kim et al., 2012; Kim et al., 2010). By
folding or expanding the outline of the tracked robot, it could move
fast at track mode to overcome obstacles, and the correctness of the
theory was verified using a physical prototype. AZIMUT, a wheel-
legged multi-mode mobile robot developed by the University of
Sherbrooke in Canada, is able to move sideways without changing
direction, which makes it moving omnidirectional (Michaud et al.,
2005). The robot namedMA developed by the University of Toronto
in Canada and the track deformable reconnaissance robot (VGTV)
developed by the United States Inuktun company changed the shape
of the track by controlling the extension and contraction of the
extended arm. When the track was at a lower position, the robot
takes the shape of a tank track, and when the track wheel was at the
upper, the track became a triangle shape. The structure greatly
enhanced the robot’s ability to adapt to the environment and
overcome obstacles (Shang, 2006). A wheel-track robot designed
and developed by the Daegu Kyungbuk Institute of Science and
Technology in South Korea could travel fast on flat and hard roads
in a wheeled motion mode. In addition, it could walk on rugged and
complex terrain in the tracked walking mode, and use different
walking mechanisms to cope with different pavement environments
to achieve flexible walking (Kim et al., 2010). The wheel-leg hybrid
mobile robot developed by Japan had two modes: wheel and leg. The
wheeled walking mechanism was convenient for fast walking, while
the legged walking mechanism was convenient for climbing and
grasping (Tadakuma et al., 2010). Some domestic scholars have also
studied the wheel-track composite travel mechanism. Kui-Mao Si
et al. from Chang’an University, designed a set of wheel-track
compo-site hydraulic driving chassis system based on the double-
pump double-circuit full-power regulation variate hydraulic system.
The parameters of the tracked travel mechanism, wheeled travel
mechanism and wheel-track switching swing mechanism were
calculated, and verification calculation were carried out (Si et al.,
2019). In view of complex outdoor terrains, Yuning Cui et al.
proposed and developed a reconfigurable wheel-track composite

robot with multiple motion modes. It combined the motion
advantages of wheeled and tracked moving mechanisms. The
kinematic and mechanical models were established, and the
parametric study of the structure were carried out with the
method of digital simulation (Cui et al., 2018). For the problems
that existing wheeled excavators were difficult to work on soft
ground and tracked excavators were not suitable for long
distance driving, Yilin He et al. developed a wheel-tracked
composite multi-functional excavator, carried out modular design
of the wheel-track composite multi-functional excavator, and
conducted finite element analysis on the grader structure and
moving legs. Moreover, the parametric design of the expansion
length of rotating track, length of the connecting plate of the moving
leg and the height of the center hydraulic cylinder of the wheel-track
conversion device were carried out (He et al., 2022). To solve the
difficulty of manual handling in narrow spaces, Fenyong Zhu et al.
proposed a wheel-track composite im-proved structure which
combined McNamum wheel and wheel-track combination (Zhu
et al., 2020). Kaiqiang Zhou et al. from the Army Military
Transportation College designed a wheel-track composite
deformation wheel based on hydraulic drive. The deformation
mechanism of the deformation wheel used a hydraulic push rod
and deformation track to complete transformation of the wheel from
wheel mode to track mode, which increased the contact area
between the wheel and the ground, and the hydraulic push rod
could provide better stiffness for the wheel (Zhou et al., 2020). The
National University of Defense Technology has proposed a
reconfigurable robot with multi-modal motion; its deformable
wheels with foldable rims that could switch to a track mode for
more efficient movement on swampy terrain, or to a leg mode for
better passing ability on rough roads (Zhou et al., 2017; Zhou et al.,
2020; Zhou, 2019).

Based on the above analysis, it is found that the research on
variant wheels at home and abroad mainly focus on the field of
aerospace and robotics, which have problems the such as insufficient
carrying capacity, complex structure and high cost, and is not
suitable for the application on special vehicles. Therefore, this
paper innovatively develops the wheel-track composite variant
wheel for in special vehicles which can realize wheel-track
switching according to road conditions. Firstly, the design
scheme of the wheel-track composite variant wheel is proposed,
and its operation principle is analyzed. Secondly, the operating
parameters of the variant wheel, such as ground specific pressure,
characteristics of crossing ditch and passing ability on soft surface,
were analyzed by means of mechanics and mathematical geometry
means. Thirdly, the main structural parameters of the variant wheel
are designed according to the mechanical principle. Fourthly,
according to the designed structural parameters, a three-
dimensional finite element model of the variant wheel is built,
and transient and static structural analysis are carried out to
obtain the parts with the greatest stress and deformation. Then
the singular points analysis of stress and deformation is carried out.
Further, the response surface parameters optimization is completed
by parametric processing. The stress and deformation meet the
requirements of strength and stiffness, and the optimal design is
realized. Finally, according to the optimized design results, a
prototype is made and a test is carried out. The test results show
that although the maximum driving speed is slightly reduced, the
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maximum height of climbing step and maxi-mum grade ability are
significantly increased, which makes the maneuverability and
passing ability of the special vehicle comprehensively improved.

2 Overall scheme design

In order to achieve a compact structure, unlike the traditional
wheel-track replacement type and wheel-track combined type, the
wheel-track composite variant wheels combine the travel and
deformation, and switches between the two modes according to
real-time road conditions.

The wheel-track composite variant wheel consists of a rubber
track, a hydraulic support mechanism, a transmission mechanism, a
deformation mechanism, and an internal drive wheel mechanism, as
shown in Figure 1. The rubber track encloses the hydraulic support
mechanism and deformation mechanism. The hydraulic support
mechanism and the inner drive wheel mechanism are installed on
the transmission mechanism. The inner drive wheel mechanism
contains two identical circular drive disks, which are respectively
installed on the inner and outer sides of the hydraulic support
mechanism. The deformation mechanism contains the same two
parts, respectively installed on the inner and outer sides of the inner
drive wheel mechanism.

2.1 The rubber track

The inner ring of the rubber track has grooves, which are divided
into internal grooves and external grooves, symmetrically
distributed on both sides, and the track can be engaged with the
teeth of the inner driving wheel mechanism. In the wheel state, the
grooves engage with the teeth of the deformation mechanism; in the
track state, the grooves engage with the teeth of the inner drive
wheel mechanism.

2.2 Transmission mechanism

The transmission mechanism includes a shaft, a drive
connecting plate, a flat key and a fixed nut. One end of the shaft
is welded to the drive connecting plate, which is used to install the

wheel on the vehicle. There are four circular holes on the drive
connecting plate. The bolt passes through the four circular holes on
the drive connection plate. Thus, the drive connection plate is fixed
to the brake disc, the flat key is inserted into the axial groove of the
shaft, and the fixing nut is screwed to the other end of the shaft.

2.3 Hydraulic support mechanism

The hydraulic support mechanism consists of two rolling
bearings, a stretch bracket and three identical hydraulic
expansion combination parts. The inner side of the rolling
bearing connects with a shaft, and the outer side of the rolling
bearing connects with the stretch bracket. The three protruding
parts are distributed on the stretch bracket at equal intervals along
the circumference. The angle between the protruding parts is 120°,
and the top of each protruding part connects with
deformation mechanism.

2.4 Internal drive wheel mechanism

The inner drive wheel mechanism comprises two circular drive
disks, on which there are 5 circular holes evenly distributed. The
radius of the circular drive disk is larger than the radius of the
telescopic spoke of the deformation mechanism on the retraction
state. When the wheel is in the track state, the rubber track is tangent
to the circular drive disk, and the teeth of the two circular drive disks
are engaged to the inner grooves and outer grooves of the rubber
track. The circular drive disk is connected to the shaft by a flat key,
and the both rotate together with the shaft.

2.5 Deformation mechanism

The deforming mechanism comprises a hydraulic assembly, a
telescopic spoke, a stretch plate, a telescopic support plate, a spring, a
connecting pin and a support bracket. Two telescopic spokes and a
hydraulic assembly form a combination, and the hydraulic assembly
is placed in the middle position. The end of the combination is fixed
on the surface of the support bracket, and the other end is fixed on
the stretch plate. The hydraulic assembly comprises a deformation
hydraulic cylinder and a deformation hydraulic rod, and the
deformation hydraulic rod is extended into the deformation
hydraulic cylinder. The end of the deformation hydraulic rod has
a small hole. The telescopic spoke comprises a spoke fixed end and a
spoke telescopic end. The spoke telescopic end extends into the
spoke fixed end and can be telescopic in the spoke fixed end. There is
a slot on the stretch plate. There is a small hole on the side of the
stretch plate. The connecting pin is passed through the small hole at
the end of the variant hydraulic rod and the small hole on the side of
the stretch plate. The variant hydraulic rod and the stretch plate are
connected together. The telescopic support plate is embedded in the
slot of the stretch plate. The telescopic support plate can slide in the
slot of the stretch plate, and is arranged on the left and right side of
the stretch plate. There is a spring in the middle slot of the stretch
plate, and the two ends of the spring are in contact with two the
stretch support plates. The support bracket is connected with the

FIGURE 1
Structure diagram of wheel-track composite variant wheel: (a)
Wheel state; (b) Track state.
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shaft by a flat key and rotates with the shaft. The guide shaft is
inserted into the hole at the outer end of the deformation hydraulic
rod, and the guide bearings are installed on both sides of the
guide shaft.

The structure adopts a mechanical structure to switch modes,
which is stable and reliable. On complex road conditions, it becomes
a track, increasing the contact area between the wheel and the
ground, to ensure smooth passage. On relatively flat and hard road
conditions, it changes from track to wheel, which can ensure a
higher speed. As a result, the overall mobility and passing ability can
be significantly improved.

3 Analysis of operation principle

3.1 Operation principle on wheel state

When the vehicle is moving in the wheel state, the transmission
mechanism rotates under the driving force of the half shaft, driving
the support bracket of the deformation mechanism to rotate. The
support bracket drives the telescopic spoke to rotate, and the
telescopic spoke drives the stretch plate to rotate. The teeth on
the stretch plate engage with the inner slot and outer slot on the

track, driving the rubber track movement. At this time, the wheel
body is circular, and the role of the rubber track is similar to the tire
of an ordinary wheel. In the wheel state, the hydraulic support
mechanism is on the static state relative to the wheel under the
action of gravity. Due to the action of gravity, the one set of hydraulic
components and the telescopic spoke of the hydraulic support
mechanism are always vertically upward.

3.2 The process of changing wheel into track

In the process of changing from wheel to track, the hydraulic oil
is injected into the outer cavity of the hydraulic component of the
deformation mechanism, and hydraulic oil in the inner cavity
reflows. At the same time, the inner cavity of the hydraulic
cylinder of the hydraulic support mechanism is injected
hydraulic oil, and the hydraulic oil in the outer cavity reflows.
The combined effect of bothmakes the deformation hydraulic rod of
the hydraulic assembly indent into the deformation hydraulic
cylinder. The telescopic end of the telescopic spoke retracts into
the fixed end of the spoke. The stretch plate retracts accordingly, and
the telescopic support plate retracts along the slot of the stretch plate,
and the telescopic support plate compression spring, hydraulic rod

FIGURE 2
Passing through the ditch in wheel state: (a) before passing through the ditch; (b) the wheel is stuck in the ditch.

FIGURE 3
Passing through the ditch in track state.
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stretches outward under the hydraulic push, pushing the guide shaft
and driving the guide shaft to stretch outward together. The guide
bearing contacts the inside of the track and stretches the track from
wheel into track. Force equilibrium between hydraulic thrust and
inertial loads transient load calculations during mode transitions is
as follows.

Fhyd − Fintertia − Ffriction � m
dv

dt
(1)

where, Fhyd is hydraulic thrust, Fintertia inertial force, Ffriction is
friction, m is mass, dv/dt is acceleration.

3.3 Operation principle on track state

When the vehicle is driving in track state, the wheel is in
triangle-like shape. The rubber track is tangential to the circular
drive disk of the inner drive mechanism, the teeth on the two circular
drive disks of the inner drive mechanism are engaged with the inner
grooves and the outer grooves on the rubber track respectively, the
shaft rotates with the two circular drive disks by the flat key, and the
track moves on the guide bearing. The track moves in a ‘triangle-
like’ shape.

3.4 The process of changing track intowheel

In the process of changing from track to wheel, hydraulic oil is
injected into the outer cavity of the hydraulic cylinder in the
hydraulic support mechanism, and the hydraulic oil in the inner
cavity reflows. At the same time, the inner cavity of the deformation
hydraulic cylinder of the hydraulic assembly is injected hydraulic oil
in and the hydraulic oil the outer cavity reflows. The combined effect
of both makes the deformation hydraulic rod to indent back, and the
deformation hydraulic rod of the hydraulic component extends out,
pushing the telescopic support plates outward. At the same time, the
spring between the telescopic support plate gradually expands, and
the telescopic support plate slides out along the slot in the stretch
plate under the force of the spring. The deformation hydraulic rod in
the hydraulic support mechanism indents back, driving the guide
shaft and guide bearing to indent back to the original state. The
deformation mechanism returns to the circular state, and the track
returns to a circular shape under its action.

4 Analysis of the passing ability
parameters

4.1 Analysis of ground specific pressure

The ground specific pressure is an important parameter for the
vehicle passing the road stably. The specific ground pressure refers
to the vertical load per unit area on the contact position between the
wheel and the ground.

Assume that the width of the variant wheel is the same as that of
the ordinary wheel. The contact area between the rear wheel and the
ground in the track state of variant wheel is a1, the contact area

between the front wheel and the ground is a2, the contact area
between the rear wheel and the ground of the ordinary wheel is b1,
and the contact area between the front wheel and the ground is b2. It
is easy to get the ratio of the ground specific pressure of the variant
wheel vehicle and the ordinary wheel, as show in Equation 2.

u � b1 + b2( )/ a1 + a2( ) (2)

It can be seen from Equation 2 that the ground specific pressure
of the vehicle in the track state of the variant wheel is less than that of
the ordinary wheel; that is, on the same road with the same tire
width, the greater the contact area with the road surface is, the better
the adhesion performance of the wheel to the ground is. Vehicles
equipped the variant wheel have a larger ground contact area and a
smaller ground specific pressure than vehicles with the
regular wheel.

4.2 Analysis of ability to cross trenches

Ditches are a general term of common obstacles types
encountered by special vehicles in the wild (Hou et al., 2024).
The main feature of a trench is the discontinuity or pothole in
the continuous road surface, and its more common forms are
ditches, canals, trenches, etc. (Wang et al., 2024). Such terrain
will affect the passing ability of ordinary wheels. However, wheel-
track composite variant wheels can pass these complex and
changeable roads well. The movement condition of the variant
wheel when it passes through the ditch in the wheel state is
shown in Figure 2, and the movement condition when it passes
through the ditch in the track mode is shown in Figure 3.

It is shown in Figure 2, when the variant wheels are rolling in the
wheel state and meets the ditch, if Wmin ≥R, Wmin is the minimum
width of the ditch, R is the radius of the wheel, the wheel is stuck in
the ditch and cannot pass, as shown in Figure 2b.

When the variant wheels passes through a ditch in the track
state, the maximumwidth of the ditch that can be passed depends on
the position of the wheel’s center of gravity in the tracked state. In
other words, when the position of the wheel’s center of gravity has
not reached the ditch, one end of the track has passed the ditch.
Then in this case, obstacle crossing is successful. Conversely, if the
center of gravity of the wheel has reached the ditch, but the end of
the track has not passed through the ditch, then the wheel will fall
into the ditch and cannot pass through. The horizontal distance
from the farthest contact position between one end of the track and
the ground to the center of gravity is L, which is shown in Equation 3
and the width of the ditch isW. It can be obtained that the maximum
ditch width that the wheel can pass through on traveling in the track
mode is as shown in Equation 4:

L � 2πR
3

− 2r (3)

Wmax ≤
L
2
� πR

3
− r (4)

where, L is the unilateral length when the variant wheel is in the
track state, R is the radius in the wheel state, r is the radius of the
guide wheel, andWmax is the maximumwidth of the ditch that it can
pass through in the track state.
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It can be seen that by reasonably setting the values of R and r, the
variant wheels in the track state can better pass the ditch than the
ordinary wheel.

4.3 Analysis of passing ability characteristics
on soft surfaces

When the vehicle moves on the soft surface, the ground soil is an
important bearing medium supporting the vehicle, and the
interaction between the vehicle and the ground leads to the force
generated between them. The force is decomposed as being the
horizontal and vertical to the ground, subject to the normal and
tangential forces of the ground respectively. The normal force of the
ground refers to the supporting force perpendicular to the ground,
which reflects the bearing capacity of the ground, and the tangential
force refers to the friction force along the direction of the ground,
which reflects the ability of anti-shearing of the ground. The
empirical formula of ground normal stress which can represent
the bearing capacity of the ground soil is as shown in Equation 5:

σ � kzn � kc
b
+ kϕ( )zn

k � kc
b
+ kϕ

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (5)

where, σ is the normal stress of the ground, kc is the cohesive force
modulus of the ground, kφ is the friction modulus of the ground, k is
the ground reaction coefficient, z is the vertical deformation of the
ground, b is the contact width between the track and the ground, and
n is the subsidence index of the ground characteristics.

When the soil has high cohesion and cohesiveness, its ability of
anti-shearing is high. The ability of anti-shearing is mainly affected
by soil cohesion and ground area of track, and is expressed by
Equation 6:

Fx � A · c (6)
where, A is the contact area between the support surface of track and
the ground, c is the cohesion coefficient of the soil, and Fx is the anti-
shearing force.

When the ground is soft, its cohesiveness and plasticity are very
small, and the road surface lacks the cohesiveness. However, under
the action of the ground normal force, the soil particles squeeze each
other, forming the friction between the particles; thus, a certain
ability of anti-shearing produces. The friction force Fx is the ground
tangential force. It is expressed as Equation 7:

Fx � W · tanφ (7)
where, W is the vertical load of the vehicle, and φ is the soil
friction angle.

General ground is mixed soil, and its ability of anti-shearing
is not only affected by soil cohesion, but also by the friction
between particles and the internal friction angle. Therefore, the
tangential reaction of the ground against the track is expressed as
Equation 8:

Fx � Ac +W · tanφ (8)
The maximum ground shearing stress is shown in Equation 9

according to the Coulomb formula:

τmax � c + σ · tanφ (9)
where, τmax is the maximum ground shearing stress.

From Equations 1, 5, 9, it is can been seen that soil sinkage z can
be decreased by reducing ground pressure, thereby increasing τmax

for enhanced traction.
When the vehicle moves on soft ground, its driving ability

mainly depends on the relationship between the traction force
and driving resistance, namely, the difference between the

FIGURE 4
The simplified finite element model in wheel state 1. Hydraulic
rod, 2. Rubber track, 3. Hydraulic cylinder, 4. Triangular support frame,
5. Telescopic support plate, 6. Support bracket. 7. Telescopic spokes.

FIGURE 5
The simplified finite element model in track state. 1. Hydraulic
rod, 5. Telescopic support plate, 7. Telescopic spokes, 8. Internal
drive wheel.
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maximum tangential traction force and driving resistance is shown
in Equation 10:

DP � FHmax − R (10)
where, DP is the traction force of the vehicle, FHmax is the maximum
tangential traction force of the vehicle, and R is the driving
resistance.

The evaluation of passing ability on soft ground is shown in
Equation 11. The effective traction force of the vehicle mass of per
unit is the most important index to evaluate the vehicle passing
ability on soft ground.

∏ � DP

W
� ϕ-f (11)

FIGURE 6
Grid and unit quality in wheel state.

FIGURE 7
Grid and unit quality in track state.
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where, φ is the traction force per unit weight, and f is the driving
resistance of unit mass.

It can be seen from the Equation 11 that the largerΠ is, the larger
the effective traction force is, and the stronger the passing ability and
climbing ability of the vehicle are.

When calculating the passing ability of vehicles on soft surfaces,
the slip ratio of the track is ignored. In this case, FHmax is shown in
Equation 12:

FHmax � Ac +W · tanφ (12)

Then,

ϕ � FHmax

W
� c
p
+ tanφ (13)

f � R
W

� 1
n + 1( )L

p
k

( ) 1
n

(14)

FIGURE 8
Grid and unit quality of the stretch bracket.

FIGURE 9
Grid and unit quality of the inner drive wheel.
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∏ � ϕ-f � c
p
+ tanφ − 1

n + 1( )L
p
k

( ) 1
n

(15)

From Equations 13–15 can be obtained. It can be seen from
Equation 15, the same vehicle corresponds to the same road surface,
and c, p, tan φ, k are constants. As the contact length with the ground
L increases, the effective traction force Π of vehicle mass of per unit
will also increase. The variant wheel operates in the track state;
which enhances its passing ability.

5 Design of main structural parameters

5.1 Design of rubber track

The track adopts gear rubber track without joint, which has the
advantages of high life, low vibration, low ground specific pressure,
low noise, large traction force and little damage to the road surface.
Take wheel as a reference. As the circumference is constant, the
length of the track is shown in Equation 16:

L � 2 · R +H( ) · π (16)
Where, L is the length of the track; R is the inner diameter of the

track; H is the thickness of the track.
When the variant wheel operates in track state, the track is

triangular in shape. Then the groove of the triangular track is
matched with the teeth of the inner drive wheel, and the number
of drive wheel teeth is shown in Equation 17:

n � πdf/p (17)
where: n is the number of the teeth of the internal driving wheel; df is
the root circle; p is the pitch of track grooves.

Calculating the average pressure ratio of the track is the most
convenient method to test its passing ability at the initial stage of
design. The average pressure ratio of the triangular track on the
ground is given by Equation 18:

Pp � 3G/ L − b( ) (18)

where: Pp is the average pressure ratio; G is the load borne by the
triangular track; L is the length of the track; b is the width of
the track.

5.2 Design of the inner driving wheel

Since the inner driving wheel is the internal tangent circle of the
triangular track, the radius of the inner driving wheel is shown in
Equation 19:

r � S/ π · R( ) (19)
where: r is the radius of the inner driving wheel; S is the triangular
area; R is the inside diameter of the triangle track.

The position where the inner drive wheel contacts the track will
be strongly squeezed, bear high load, and will be worn for long time
transmission. As a result, the force on maximum dangerous cross

FIGURE 10
Force convergence curve of variant wheel in track state at static.

FIGURE 11
Force convergence curve of variant wheel in wheel state at static.
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section should be considered in the design. According to the
calculation formula of mechanical bending stress of materials, the
bending strength is shown in Equation 20:

σ � T/W≤ σ[ ] (20)
where, T is the maximum bending moment of the inner driving
wheel; W is the bending section coefficient; [σ] is the allowable
bending stress.

5.3 Design of stretch plate and telescopic
support plate

Since the track wraps the stretch plate and telescopic support
plate, and the stretch plate and the rubber track match with the
tooth-grooves, the stretch plate and the telescopic support plate have
the same circular center and the same curvature as the track in wheel
state. Therefore, the overall arc length of the stretch plate and
telescopic support plate is approximately S1, as shown in
Equation 21.

S1 � L/3 (21)
where, S1 the overall arc length of the stretch plate and telescopic
support plate; L is length of track.

After the wheel has changed to the triangular track, the track has
no contact with the stretch plate and telescopic support plate, and is
separated from the two plates.

5.4 Design of deformation hydraulic rod and
guide rod

The deformation hydraulic pressure rod and guide rod play an
important role in the process of wheel-track transformation, and
their lead is the key of deformation. The lead of the deformation
hydraulic pressure rod and guide rod can be obtained by
Equation 22.

L1 � R − r (22)
where: L1 is the lead of deformation hydraulic, r is the inner drive
wheel radius, R is the radius of the variant wheel on wheel state.

The length of the deformation hydraulic rod and cylinder should
be at least greater than L1. Considering the complexity of the
structure, the telescopic hydraulic cylinder should be used. The
extended speed of the telescopic hydraulic cylinder can be changed
from slow to fast. The corresponding hydraulic thrust can be
changed from large too small. Its structure is compact; and is
often used in engineering machinery and other travel machinery.

5.5 Design of shaft

The shaft mainly bears bending moment and torque, and the
diameter of each section of shaft d should meet:

τT � T
WT

� 9.55 * 10
6/0.2d3n< τT[ ] (23)

FIGURE 12
Force convergence curve of variant wheel in wheel state at transient.

FIGURE 13
Force convergence curve of variant wheel in track state at transient.
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where, ηT is the torsional shear stress of the shaft (Mpa); T is the
transmission torque of the shaft (N); WT is the torsion section
coefficient of the shaft (mm2); P is the transmission power of axis
(kW); n is the rotational speed of the axis (r/min); [τT] is the
allowable torque shear stress of the shaft (Mpa).

For a solid shaft,

WT � πd3/16 (24)

Equation 24 is substituted into Equation 23. The minimum
diameter of the shaft should meet the following conditions in
Equation 25:

d≫
������������������
5*9550*103*P/ τ[ ]n( )3

√
(25)

6 Finite element analysis of key
components

Due to the constraints of various variables, such as the selection
of materials, the weight of components, process treatment methods,
etc., the design scheme should be optimized. Therefore, a large
number of structural analysis and structural design are carried out
with computers, mathematical and mechanical tools. The finite
element method is a basic analysis method that is widely used at
present. It is a powerful numerical technology and widely used in the
engineering industry (Ren, 2023; Yu and Gao, 2006).

In order to improve the overall processing speed, parametric
processing should be adopted for each part of the variant wheel and
the model should be simplified. The non-important parts, such as

FIGURE 14
Displacement nephogram of variant wheel in wheel state at static.

FIGURE 15
Strain nephogram of variant wheel in wheel state at static.
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threaded holes, small grooves, small holes and small fillets, can be
ignored.When the analysis results do not meet the requirements, the
relevant major parameters and constraints can be modified so as to
meet the requirements (Sun et al., 2021).

6.1 Pre-processing of model

Take the wheel as a reference. Assuming: (1) perfect track-
ground contact, Ideal instantaneous hydraulic response, (2)
modeling Assumptions: Uniform track-ground pressure
distribution, (3) incompressible hydraulic fluid with lossless
piping; (4) negligible vibration-induced mode-switching
instability. The pattern of the track can be ignored. The inner
drive wheel and the stretch plate can be seen as a whole with the
groove of track, as they do not separate during the transmission

process. In wheel state, the inner drive wheel does not transmit force;
only its own gravity is applied to the shaft. Hence it can be ignored
and replaced by load. The support bracket, hydraulic cylinder,
deformation hydraulic pressure rod, guide rod, stretch plate and
telescopic support plate can be combined into a whole for static
analysis. The small hole and small boss on the stretch bracket can be
filled and compressed. The bearing of the stretch bracket on the shaft
can be compressed and replaced by the bearing load. In the track
state, the stretch plate and the telescopic support plate are separated
from the track and the match of teeth and grooves disappears. So,
they can be compressed as a whole instead of concentrating load on
the shaft. The convex teeth on the stretch plate are combined with
the stretch plate. The part connected with the support bracket can be
combined into a whole, and the position of key and groove is filled.
The pin can be compressed and the joint of pin can be filled. Since
the component to be analyzed is mirror-symmetric relative to the

FIGURE 16
Stress nephogram of variant wheel in wheel state at static.

FIGURE 17
Displacement nephogram of variant wheel in track state at static.
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FIGURE 18
Strain nephogram of variant wheel in track state at static.

FIGURE 19
Stress nephogram of variant wheel in track state at static.

FIGURE 20
Displacement nephogram of variant wheel in wheel state at transient.
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center point of the axis, we take a half for analysis. By checking the
interference items and repairing them, removing the broken edges
and rounded corners, repairing the missing and duplicate surfaces,
and sharing the surfaces, the grid is rendered into a common node,
which is convenient for grid division (Rui et al., 2022). The
simplified finite element models in wheel state and track state are
shown in Figures 4, 5.

After importing the analyzed model, pre-processing is carried
out, mainly including type analysis, material selection, mesh
division, and application of boundary conditions (Zhang, 2022).
After pre-processing, the finite element models after mesh
generation are shown in Figures 6–9.

6.2 Convergence analysis

Due to the non-linearity of geometry, material and contact, the
iterative solution is required, the time sub-step ‘Substepts’ is opened,

and the force convergence curve is observed. If it is found that the
standard value of the force is always above the convergence value of
the force, or the convergence value fluctuates around the standard
value of the force, nonlinear convergence is indicated; otherwise, the
setting needs to be changed. Their respective force convergence
curves are shown in Figures 10–13.

In Figures 10–13, the blue line is the tolerance value of
convergence, and the purple line is the residual value of
calculation. It can be seen from Figures 10, 11, in the process of
static linear solution, computational convergence is quickly achieved
without dichotomization, and convergence occurs at 6.825 N and
12.233 N respectively. For nonlinear transient solution, it is
necessary to set the start time ‘substep’ and iteration step. It can
be seen from Figures 12, 13, the overall convergence effect is good,
and the residual value fluctuates up and down around 43.742 N and
40.565 N respectively. Each occurrence of the green line represents a
convergence, where, the initial load step is 10 N, the minimum load
step is 5 N, and the maximum load step is 20 N. So, when the total

FIGURE 21
Strain nephogram of variant wheel in wheel state at transient.

FIGURE 22
Stress nephogram of variant wheel in wheel state at transient.
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load is 10000 N, starting solve at 1000 N, and the ‘substep’ of
increment is from 500 N to 2000 N.

6.3 Mechanical analysis

6.3.1 Static analysis
The equivalent total strain nephogram, equivalent total stress

nephogram and global deformation nephogram are obtained by the
finite element method. Whether there is a stress concentration and

whether the allowable stress is exceeded are analyzed according to
the nephogram, and the structure is optimized reasonably. Figures
14–16 are the displacement nephogram, strain nephogram and
stress nephogram in wheel state respectively. Figures 17–19. are
the displacement nephogram, strain nephogram and stress
nephogram in track state respectively.

It can be seen from Figure 14, the overall largest deformation is
located at the top of the variant wheel, and the maximum
displacement is 4.6705 mm. It can be seen from Figure 15 that
the maximum strain position is the contact position between the

FIGURE 23
Displacement nephogram of variant wheel in track state at transient.

FIGURE 24
Strain nephogram of variant wheel in track state at transient.
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deformation hydraulic rod and the track, and the contact position
between the stretch plate and the track. The maximum strain is
0.0049635 and the minimum strain is 1.4625e-14. It can be seen
from Figure 16, the maximum stress is located at the bottom of the
cylinder of the hydraulic cylinders on both sides connected to the
support bracket, and the maximum stress is 76.607 Mpa. It can be
seen from Figure 16., the maximum stress of the road surface is
4.1449 Mpa. Since the hydraulic cylinder adopts the default

structural steel of the system, whose σb is 250 Mpa, the strength
conditions are met.

It can be seen from Figure 17, the overall largest deformation is
located at the top of the track, and the maximum displacement is
0.93788 mm. It can be seen from Figure 18, the maximum strain
position is the transition position on both sides of the bottom end of
the track, the maximum strain is 0.0020564, and the minimum
strain is 7.9043e-11. It can be seen from Figure 19, the maximum

FIGURE 25
Stress nephogram of variant wheel in track state at transient.

FIGURE 26
Displacement nephogram of variant wheel in track state at transient when the inner drive wheel is not drilled.
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stress is located at the drilling position of the inner drive wheel, and
the maximum stress is 26.771 Mpa. As the internal drive wheel
adopts the default structural steel of the system, whose σb is 250Mpa,
it meets the strength requirement.

6.3.2 Transient analysis
Transient dynamic analysis is a method used to analyze the

dynamic response of structures when the load varies with time. It is
used to determine the time-varying displacement, strain and stress
when the structure is subjected to a random combination of steady-
state loads, transient loads and harmonic loads (Chen, 2024; Zhao

et al., 2022). Element type selection of Hexa20 is adopted. Explicit
dynamics with Mooney-Rivlin rubber modeling is employed. The
driving speed was set to 40 Km/h in wheel state and 20 km/h in track
state respectively for transient analysis. The displacement
nephogram, strain nephogram and stress nephogram in wheel
and track state at transient are obtained, as shown in Figures 20–22.

It can be seen from Figure 20, the overall largest deformation is
located at the edge of the track, and the maximum displacement is
16.156mm. It can be seen from Figure 21 that the maximum strain is
located at the connection between the stretch plate and the track.
The maximum strain is 0.0046981 and the minimum strain is

FIGURE 27
Strain nephogram of variant wheel in track state at transient when the inner drive wheel is not drilled.

FIGURE 28
Stress nephogram of variant wheel in track state at transient when the inner drive wheel is not drilled.
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7.0052e-15. It can be seen from Figure 22 that the maximum stress is
located at the bottom of the cylinder of the hydraulic cylinder
connected to the support bracket, and the maximum stress is
98.834 Mpa. Since the hydraulic cylinder adopts the default
structural steel of the system, whose σb is 250 Mpa, it meets the
strength requirements.

It can be seen from Figure 23, the largest overall deformation is
located at the tooth end of the inner drive wheel, and the maximum
displacement is 2.2349 mm. It can be seen from Figure 24, the
maximum strain position is the fillet transition position on both
sides of the bottom end of the track, The maximum strain is
0.0020512 and the minimum strain is 0. It can be seen from
Figure 25., the maximum stress is located at the drilling position
of the inner drive wheel, The maximum stress is 500.13 Mpa, which
needs to be optimized.

6.4 Optimization of key components

Topology optimization of internal drive wheel. Through the
static and transient finite element analyses of the variant wheel, it is
found that the deformation of the inner drive wheel and the stress of
the center hole position are too large in track state at the transient
analysis Hence the optimization of material parameters and size
parameters is needed.

When the inner drive wheel is not drilled, its stress, strain and
total deformation are shown in Figures 26–28.

It can be seen from the equivalent stress in Figure 28, the stress
distribution is mainly around the hole, and the stress at the tooth
meshing position is 104.52 Mpa. The stress concentration area
should be avoided as far as possible when designing the opening
position. The shape optimizationmodule is used to change the shape

FIGURE 29
The topological structure of the inner drive wheel after optimization.

TABLE 1 Maximum strain and average stress corresponding to different grids.

Face sizing element size (mm) Total deformation maximum (mm) Equivalent stress maximum (MPa)

2 2.2324 550.25

3 2.2286 555.32

4 2.2250 563.03

5 2.2262 550.44

7 2.2282 549.28

6 2.2180 563.48

8 2.2184 553.26

9 2.2223 538.69

10 2.2247 547.18
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of the stretch bracket to achieve the purpose of weight reduction
under the premise of satisfying strength, stiffness and life. The
optimization results are shown in Figure 29.

Response surface optimization of the internal drive wheel.
The stress distribution of the inner drive wheel is mainly
concentrated in the open hole area, and the stress
concentration position is on the side cylindrical surface of the
open hole. By controlling the precision of the grid of the

cylindrical surface, the stress change is observed to determine
whether it is a stress singularity.

The size of the meshing unit is defined as a variable parameter.
Its range is from 2 mm to 10 mm, and the results are shown in
Table 1. Maximum deformation and maximum stress
corresponding to different holes are shown in Table 2

The kriging method is used to solve the response surface
optimization, and the results are shown in Table 3.

TABLE 2 Maximum deformation and maximum stress corresponding to different holes.

Number of holes Hole radius (mm) Mass (kg) Maximum deformation (mm) Maximum stress

3 7.5 24.779 2.6929 556.56

3 10.5 16.944 2.5705 510.52

3 13.5 14.736 2.5111 473.31

4 7.5 23.206 2.7773 458.7

4 10.5 20.439 2.7501 373.85

4 13.5 17.672 2.5902 451.45

5 7.5 22.513 2.6303 517.44

5 10.5 18.623 2.5839 490.22

5 13.5 12.354 2.4126 571.69

6 7.5 19.423 2.7578 411.47

6 10.5 16.325 2.7369 474.86

6 13.5 10.258 2.5429 470.82

TABLE 3 Response surface optimization results by kriging method.

Number of
holes

Radius of
hole

Mass Maximum deformation Maximum stress

Parameter
value

Variation
from

reference

Parameter
value

Variation
from

reference

Parameter
value

Variation
from

reference

3 13.5 14.736 2.36% 2.5111 10.13% 473.31 −5.3%

4 10.5 13.295 −6.10% 2.7501 12.14% 347.48 −46.8%

6 7.5 12.691 −1.28% 2.7578 28.12% 411.47 −17.71%

FIGURE 30
ATV equipped with variant wheel climbing a step obstacle: (a) The variant wheel encountering the convex obstacle; (b) The vehicle climbing
the steps.
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According to the analysis of Table 3, three groups of candidate
points are generated. Compared with the original design scheme, the
stress of the first group of candidate points is reduced by 5.3%–
473.31 Mpa, the deformation is increased by 10.13% to 2.5111 mm,
and the mass is increased by 2.36%–14.736. In the second group of
candidate points, compared with the original design scheme, the
stress is reduced by 46.8%–347.48Mpa, the deformation is increased
by 12.14% to 2.7501 mm, and the mass is increased by 6.10%–
13.295 kg. In the third group of candidate points, compared with the
original design scheme, the stress is reduced by 17.71%–411.47 Mpa,
the deformation is increased by 28.12% to 2.7578 mm, and the mass
is reduced by 1.28%–12.691. Therefore, in summary, candidate
point 2 is the best optimization result, that is, the number of
holes is 4 and the thickness of holes is 10.5 mm.

7 Test verification

7.1 Deformation test

According to the design results of and optimization, a prototype is
made and tested. The test results show that the variant wheel can
expand and retract smoothly, the retract time is 6.3 s, and the extension
time is about 7.7 s. The total time of extension and retraction is 15 s,
which is much shorter compared with the wheel and track changing
time (20–30 min). It verifies that the deformation principle of the
variant wheel is correct and the design scheme is feasible.

7.2 Climbing step obstacle test

The variant wheels are installed on all-terrain vehicle (ATV),
climbing step obstacle test of is shown in Figure 30. Figure 30a

shows that when the variant wheel encounters the convex
obstacle, it expands and changes into track and rests on
the step. Figure 30b shows that the track forms a bridge
between the wheel and the steps, and the vehicle climbs the
steps smoothly.

7.3 Passing the grass terrain test

The passing grass terrain test is shown in Figure 31. The test
ground is an uneven and weedy mud depression. From the test, it
can be seen that ATV equipped with variant wheels can pass flexibly,
while weeds and mud puddles have little influence on moving, and it
can pass the grassland smoothly.

7.4 Test results of variant wheel prototype

After repeated tests, the test comparison results of the
variant wheel and the wheel are shown in Table 4. By
analyzing Table 4, it can be seen that the maximum speed of
the ATV equipped with the variant wheel is reduced due to the
addition of a variant mechanism inside the variant wheel.
However, due to the uncertainty of field road conditions, the
vehicle generally cannot run at full speed. Therefore, it has little
effect on the mobility of the vehicle, and the maximum climbing
step height and maximum climbing grade of variant wheel has a
significant increase compared with the wheel, in which the
maximum climbing step height is increased by 130% and the
maximum gradeability is increased by 94%.

8 Conclusion

In order to improve the adaptability of modern special vehicles
to complex road conditions, the paper analyzes the research status of
ground travel mechanism at home and abroad, and develops a
wheel-track composite variant wheel which can switch between
wheel and track. It solves the problems of poor crossing ability of
wheeled travel mechanism, poor mobility of tracked travel
mechanism, time-consuming of wheel-track replacement. In the
premise of not reducing mobility, the passing ability of the special
vehicle is improved.

According to the road conditions of special vehicles and the
existing solutions, a scheme composed of rubber track, hydraulic
support mechanism, transmission mechanism, deformation
mechanism and internal driving wheel mechanism is proposed.
The scheme has a compact structure, high obstacle crossing
efficiency and strong adaptability to terrain.

FIGURE 31
ATV equipped with variant wheel passing the grass terrain test.

TABLE 4 Performance test results of variant wheel.

Performance parameter Variant wheel Wheel Track Degree of improvement

Maximum wheel speed (km/h) 40 50 35 −20%

Maximum climbing step height (mm) 300 130 300 130%

Maximum gradeability (°) 35 18 35 94%
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The operation principle and passing ability parameters of the
variant wheel are analyzed, and the rationality of the design scheme
is further verified. On this basis, the main structural parameters such
as the rubber track, inner drive wheel, stretch plate, hydraulic
cylinder and guide rod are designed using the mechanical
design principle.

According to the design results, the finite element method is
used to carry out transient and static structural analysis, and the
parts with the greatest stress and deformation are obtained. In order
to make the stress and deformation meet the requirements of
strength and stiffness, parametric processing is used to optimize
the response surface parameters.

By combining the scheme design, theoretical analysis and
optimization design, and according to the optimization results, a
prototype is made, and the deformation test and obstacle crossing
test are carried out. The results show that the prototype can quickly
switch between wheel and track, and the switching time is 15s. At the
same time, the maximum climbing step height is increased by 130%
and the maximum gradeability is increased by 94%. The mobility
and obstacle crossing ability of the special vehicle are
comprehensively improved. It provides theoretical basis and
technical support for the design and application of variant
wheels. Further, reliability will be verified so that the variant
wheels could be commercialized. And manufacturing process is
further studied to improve the manufacturing accuracy and reduce
the manufacturing cost.
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