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Abstract. Existing articulated-leg leg-wheel robots suffer from complex structures and morphing mechanisms.
To address this issue, this paper presents a transformable leg-wheel robot named DTransleg. The robot is pro-
pelled by four identical leg-wheel mechanisms that can switch between wheel mode and articulated-leg mode.
Wheeled locomotion is introduced by designing the thigh segment as a circular rim, eliminating the need for
additional actuators. In leg mode, each mechanism possesses three active joints, whereas, in wheel mode, active
motion is realized using the hip-pitch actuator. To enhance agility and stability, DTransleg also incorporates waist
yaw and pitch joints. This paper details the design methodology, establishes a kinematic model, and devises mo-
tion plans for four-wheeled, quadruped, and carriage modes together with the transition strategies among them.
Both simulations and physical experiments validate the feasibility of the design and the correctness of the mod-
eling and motion planning.

1 Introduction

Leg-wheel robots combine the advantages of wheeled and
legged locomotion, offering broad application prospects in
disaster rescue, factory inspection, logistics transportation,
and other domains. Existing leg-wheel platforms adopt var-
ious strategies to merge these two motion modalities. The
most common approach is to mount both wheel and leg
mechanisms on the same chassis. For example, Lee et al.
(2024), He et al. (2022), Raghavan et al. (2021), Du et al.
(2023), and Xu et al. (2021a, 2025) attached active wheels to
the distal ends of articulated legs. While leveraging the leg’s
redundant degrees of freedom enhances wheeled agility, it
simultaneously reduces the stability of legged locomotion.
Itabashi and Kumagai (2010), Iverach-Brereton et al. (2014),
Chen et al. (2021, 2024a), Li et al. (2017), and Endo and
Hirose (2012) place passive wheels at the leg tips, enabling

efficient roller-skating but precluding true legged operation.
Zhou et al. (2023), Namgung and Cho (2023), Jung et al.
(2018), Karumanchi et al. (2017), Xu and Ding (2013), Xu
et al. (2024), and Wei et al. (2025b) install wheel units at non-
foot locations along the legs, mitigating interference with
legged motion while preserving wheeled flexibility. Lacagn-
ina et al. (2003), Ottaviano and Rea (2013), and Liu et al.
(2024) separate the wheel and leg assemblies on the body,
eliminating cross-modal disturbances. Although this decou-
pled architecture simplifies design, it increases overall mass
and cost. Spoke-wheel robots couple wheel and leg func-
tions through a single, simple mechanism. Examples such
as Deng et al. (2019), Sonsalla et al. (2022), and Polzin et
al. (2025) employ spokes of varying numbers and geome-
tries. Kwon et al. (2025) realize spoke radius adjustment and
full retraction into the body through a compliant mechanism.
However, spoke-wheel rolling induces persistent body oscil-
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lations. Li et al. (2025) and Blake and Hong (2009) introduce
springs or active degrees of freedom to the spokes to atten-
uate these vibrations at the expense of greater mechanical
complexity. Siboni et al. (2026) integrate a spoke wheel and
a circular wheel coaxially on a body-mounted rotating plate,
enabling mode switching between the spoked-wheel and
circular-wheel configurations via adjustment of the plate’s
roll angle. Wei and Lee (2025) utilize cycloidal rotor mecha-
nisms to cyclically retract and extend hooked spokes within
the wheel envelope, achieving smooth wheeled motion, yet
its fixed spoke trajectories limit terrain adaptability. Trans-
formable leg-wheel robots structurally couple wheel and leg
components through actuator and linkage reuse, aiming to
reduce mass and cost while preserving functionality.

Some transformable leg-wheel robots can alternate be-
tween a circular-wheel mode and a spoke-wheel mode. Clark
et al. (2018), Luces et al. (2020), and Sun et al. (2017)
achieve this by retracting or extending spokes into or out of
the rim. Lee et al. (2017) and She et al. (2015) morph by
folding and unfolding spokes. Pan et al. (2016) fold its body
so that the front and rear claw wheels become coaxial yet lat-
erally offset, enabling reconfiguration. Shi et al. (2025) split
the circular wheel into two segments and change the angle
of one segment to transform, whereas Ge et al. (2024) divide
the wheel into four segments and independently control each
segment’s angle. Chen et al. (2014) separate the wheel into
two semicircular legs that can be deployed or overlapped to
switch modes; Wang and Lin (2022) instead align or stag-
ger these semicircular legs for transformation. Murphy et al.
(2024), Cao et al. (2022), Mertyüz et al. (2020), Zhang et
al. (2022), and Bishop et al. (2024) partition the rim into
several identical sections that expand and contract. Because
these rim-based spokes are arc-shaped, the robot exhibits dif-
ferent forward and backward performance. To ensure identi-
cal behavior in both directions, Xu et al. (2021b), Fu et al.
(2023), and Wei et al. (2025c) drive arc-shaped rim spokes
to deploy symmetrically. Sun et al. (2021) and Shen et al.
(2018) manipulate variable-number, variable-geometry, and
variable-DoF (degree of freedom) paddle-like spokes that re-
tract into or extend from the circular wheel; paddle angles
can be adjusted to achieve bidirectional transformation. Kim
et al. (2020) and Lee et al. (2021) not only deploy spokes in
two directions but also regulate the deployment radius. Sev-
eral systems achieve morphing without additional actuators,
further reducing mass and cost. Kim et al. (2014), Zheng et
al. (2022), and Zhang et al. (2025) exploit frictional inter-
action between the leg-wheel mechanism and the surround-
ing walls to transform. Godden et al. (2024) rely on colli-
sions between the wheel and obstacles for shape changes. All
three require specific environmental conditions, making the
transformation process essentially uncontrollable. Wei et al.
(2025a) use ground friction to trigger reconfiguration, while
Ryu et al. (2020) employ centrifugal force generated by high-
speed rotation. These two systems allow the user to select
when transformation occurs, yet the latter suffers from un-

stable motion. Bai et al. (2018) combines active and passive
modes to retract and deploy spokes, yielding controllable
transformation at reduced energy cost, albeit with increased
mechanical complexity.

Although spoke-wheel locomotion is easy to control and
provides moderate obstacle negotiation capabilities, its ter-
rain adaptability still falls short of fully articulated joint-leg
motion. Consequently, some transformable leg-wheel robots
are able to switch between a circular-wheel mode and an
articulated-leg mode. For example, Tadakuma et al. (2010)
presented a design where the serial links of each leg are re-
configured into a complete circular wheel via coordinated
joint motions. Okada et al. (2012) achieve transformation by
extending or retracting the shank within a circular thigh seg-
ment. Both robots thus enable transitions between a circular
wheel and a serial-leg configuration. Other platforms realize
transitions between a circular wheel and a parallel-leg con-
figuration. Yeldan et al. (2022) replace the upper two links
of each parallel leg with fan-shaped segments; joint reposi-
tioning folds these segments into a pseudo-wheel. Sun et al.
(2023) employ curved lower links in the parallel legs, allow-
ing them to morph into semicircular legs or a pseudo-wheel.
The leg-wheel robots presented in Huang et al. (2024) and
Chen et al. (2024b) divide the rim into four arc segments
connected by revolute joints; actuating these joints toggles
the mechanism between wheel and parallel-leg modes. Ju et
al. (2025) utilize an origami-inspired fan mechanism coupled
with a scissor-type pantograph to achieve similar reconfig-
uration. Parallel-leg architectures offer higher strength and
load capacity than their serial counterparts but at the expense
of a smaller workspace – i.e., reduced motion flexibility.

Furthermore, Peng et al. (2025) employ a sophisticated
linkage and actuator suite to realize multiple locomotion
modes – circular wheel, spoke wheel, and articulated leg
– and can switch among them. To fully exploit the advan-
tages of legged locomotion, this paper proposes DTransleg,
a transformable leg-wheel quadruped designed with a se-
rial articulated-leg architecture, as illustrated in Fig. 1. By
reconfiguring the thigh link into a circular rim, DTransleg
introduces wheeled motion without additional actuators or
complex transmissions, yielding both a simpler structure and
a more straightforward morphing process than comparable
state-of-the-art platforms. A comparison between DTrans-
leg and several typical leg-wheel robots with transformable
leg-wheel mechanisms is presented in Table 1. Although the
model of Okada et al. (2012) appears to be structurally simi-
lar, the underlying philosophy differs: PEOPLER-II embeds
limited leg-like motion into a wheeled system, resulting in
gaits that more closely resemble spoke-wheel locomotion.
In contrast, DTransleg prioritizes full-fledged legged perfor-
mance while opportunistically leveraging the thigh’s circular
geometry for wheeled travel. The technical contributions of
this work are summarized below.
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Figure 1. Physical prototype. (a) Quadruped mode. (b) Four-wheel mode. (c) Carriage mode.

Table 1. The existing typical transformable articulated-leg leg-wheel robots.

Robot Leg Leg Number of motors required Structural Mass Foot
mechanism DoF for wheeled locomotion complexity workspace

Tadakuma et al. (2010) Serial 4 1 Low Heavy Large
Okada et al. (2012) Serial 2 2 Medium Light Medium
Yeldan et al. (2022) Parallel 2 2 High Light Limited
Sun et al. (2023) Parallel 2 2 High Light Limited
Ju et al. (2025) Parallel 2 2 High Light Limited
DTransleg Serial 3 1 Low Moderate Large

1. A structurally simple design method for a direct-drive
leg-wheel robot is proposed, and its kinematic model is
established.

2. The locomotion of the robot in three modes – four
wheel, quadruped, and carriage mode – is planned,
along with the transition methods between these modes.

3. Simulations and experiments are conducted to verify the
feasibility of the proposed design method and motion
planning.

The remainder of this paper is organized as follows. Sec-
tion 2 introduces the robot design methodology. Section 3
establishes the robot kinematic model. Section 4 presents
the motion planning for different locomotion modes and the
switching strategies between modes. Section 5 uses simula-
tions to verify the correctness of the kinematic model, mo-
tion planning, and the rationality of the mechanical design.
Section 6 validates these aspects through experiments. Sec-
tion 7 discusses the contributions of the robot by comparing
it with existing transformable jointed leg-wheel robots. Fi-
nally, Sect. 8 concludes the paper.

2 Robot design

The 3D model of DTransleg is shown in Fig. 2, featuring
three modes of locomotion: four-wheel mode, quadruped

mode, and carriage mode. Comparing the three locomotion
modes, the four-wheel mode achieves the highest motion ef-
ficiency and the strongest load capacity but has the weak-
est terrain adaptability. The quadruped mode has the low-
est motion efficiency and the weakest load capacity but the
strongest terrain adaptability. The carriage mode offers per-
formance between the two. The robot body is divided into
three parts: front body, waist, and rear body. The front body
is connected to the waist by a yaw joint, and the rear body
is connected to the waist by a pitch joint; the waist yaw joint
and pitch joint are directly driven by servos. The introduc-
tion of the waist mechanism expands the leg workspace and
enhances the flexibility of the robot’s body, enabling more
agile motion. In addition, waist joint rotation can adjust the
robot’s center of mass, thereby improving stability during lo-
comotion (Wei et al., 2018, 2019). Four identical leg-wheel
mechanisms are distributed on both sides of the robot body;
these leg-wheel mechanisms have three direct-drive joints,
including hip roll, hip pitch, and knee joints, with a simple
structure. The pelvis, thigh, and shank are connected to the
body in sequence through these three joints. Wheel locomo-
tion is introduced by adding a circular rim onto the thigh and
is driven by the servo that drives the hip pitch joint. The tran-
sition between wheel mode and leg mode only requires driv-
ing the knee joint to retract the shank into the circular rim of
the thigh or to extend it out of the circular rim of the thigh. An
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electric slip ring is installed on the rotation axis of the thigh
to solve the winding problem of the power and signal lines of
the knee servo when the thigh rotates continuously. The hip
roll joint can adjust the body height during wheel locomotion
to keep the body level, thereby adapting to different terrains.
The main parameters of DTransleg are listed in Table 2. Un-
like the leg-wheel mechanism previously designed by Wei
et al. (2024) that uses gears and synchronous belts to drive
the joints, the leg-wheel mechanism of DTransleg adopts a
direct-drive method, making the mechanism simpler.

3 Kinematic modeling

3.1 Establishment of the D–H coordinate frames

Using the D–H method from Niku (2001), the kinematic
model of the robot is established. The D–H coordinate frames
are shown in Fig. 3. The origin of the base frame (frame 0)
is located at the midpoint of the line connecting the intersec-
tions of the hip roll and hip pitch axes of the front leg mecha-
nisms, the x axis points vertically upward from the body, and
the z axis points in the forward direction of the robot. Table 3
gives the D–H parameters.

3.2 Forward kinematics

According to the parameters in Table 2, the x, y, and z coor-
dinates of the leg foot ends are expressed in the base frame
(frame 0) and are calculated using homogeneous transforma-
tion matrices. The position of the front leg foot end can be
solved as follows: x = lPcP− lTcHsP− lScHcKsP− lSsHsKsP
y = k1lW+ lPsP+ lTcHsP+ lScHcKcP+ lSsHsKcP
z= lTsP− lScsK+ lSsHcK

, (1)

where si denotes sinθi ; ci denotes cosθi ; and k1 is a coeffi-
cient, with 1 for the right front leg and −1 for the left front
leg. The position of the rear-leg foot end is

x = lScK(sHsSP− cHcPcSP)− lHsSP− lSsSP
−lSsK(cHsSP+ cPcSPsH)− lPcSPsP
+lTsHcPcSP

y = lTcH(sPsSY+ cPcSYsSP)− lMcSY− k2lWsSY
−lP(cPsSY− cSYsPsSP)− lHcSPcSY
+lScK(cH(sPsSY+ cPcSYsSP))+ cSPcSYsH)
+lSsK(sH(sPsSY+ cPcSYsSP)− cHcSPcSY)
+lTcSPcSYsH

z= lMsSY− lP(cPcSY+ sPsSPsSY)− k2lWcSY
−lF+ lTcH(cSYsP− cPsSPsSY)+ lHcSPsSY
+lScK(cH(cSYsP− cPsSPsSY)− cSPsHsSY)
+lSsK(sH(cSYsP− cPsSPsSY)+ cHcSPsSY)
−lTcSPsHsSY

, (2)

where k2 is a coefficient: 1 for the right hind leg and −1 for
the left hind leg.

3.3 Inverse kinematics

Given the foot end position (x, y, z), the inverse kinematics
yield the joint angles of the front leg as

θP = a tan2(x, lW− y)

−a tan2
(
lP,−k1

√
(k1lW− y)2+ x2− l2P

)
θK = a cos (ycP−k1lWcP−xsP)2

+z2
−l2T−l

2
S

2lTlS

θH = a tan2

(
lSsK(ycP−k1lWcP−xsP)+z(lT+lScK)

(lSsK)2+(lT+lScK)2 ,
(lT+lScK)(ycP−k1lWcP−xsP)−lSzsK

(lSsK)2+(lT+lScK)2

) , (3)

and the joint angles of the hind leg as
θP = a tan2(n1,n2)− a tan2(lP,−k2

√
n2

1+ n
2
2− l

2
P)

θK = a cos n
2
3+n

2
4−l

2
T−l

2
S

2lTlS

θH = a tan2

(
n3lSsK+n4(lT+lScK)
(lSsK)2+(lT+lScK)2 ,
n3(lT+lScK)−n4lSsK
(lSsK)2+(lT+lScK)2

) , (4)

where n1, n2, n3, and n4 can be calculated as

n1 = −ysSY− zcSY− k2lW− lFcSY
n2 = −xcSP+ ycSYsSP− zsSYsSP− lFsSYsSP

+lMsSP
n3 = (lF+ z)(cSYsP+ sSYsSPcP)+ xcSPcP

+y(sSYsP− cSYsSPcP)+ k2lWsP− lMsSPcP
n4 = (lF+ z)sSYcSP− lMsSP− xsSP− ycSYcSP

−lH

. (5)

4 Motion planning

4.1 Four-wheel mode

When the robot is in four-wheel motion, the servo driving
the hip pitch joint operates in continuous rotation mode with
velocity control; the velocity of four-wheel motion can be
obtained from

vW = ωWrW, (6)

where ωW is the angular velocity of the servo that drives the
hip pitch joint.

4.2 Quadruped mode

A time-based foot-end-trajectory-planning method is em-
ployed to realize quadruped locomotion; the foot end trajec-
tory consists of a half-heart-shaped curve and a straight line,
where the half-heart-shaped curve serves as the swing phase
and is symmetric about the vertical line passing through the
hip pitch joint center, while the straight line serves as the
stance phase. Expressed with respect to coordinate system 0,
the foot end trajectory is given as
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Figure 2. The 3D model.

Table 2. Main parameters of DTransleg.

Meaning Symbol Value
(mm)

Distance between the hip roll axis and the plane perpendicular to the knee axis and passing through the foot center lP 102
Thigh length lT 63
Shank length lS 120
Radius of the circular rim on the thigh rW 87.5
Radius of the foot rF 15
Half the distance between the hip roll axes of the fore (or hind) legs lW 44
Distance between the hip pitch joint of the fore leg and the waist yaw joint lF 71.6
Distance between the waist yaw joint and the waist pitch joint axis lM 60.2
Distance between the line connecting the hip pitch joints of the hind legs and the waist pitch joint lH 81.6




z=

lSTR
2

((
(t%TL)π
TSW

− 1
)

cos (t%TL)π
TSW

− 1
)

−k3(lF + lM + lH)
x =

hCLE
1.299

(
1− cos (t%TL)π

TSW

)
sin (t%TL)π

TSW
−hB

y = k4lD

(0≤ t%TL < TSW)


z=

lSTR
2 −

π
TST

(t%TL − TSW)
−k3(lF + lM + lH)

x = −hB
y = k4lD

(TSW ≤ t%TL < TL)

, (7)

where lSTR denotes the stride length, hCLE denotes the foot
end lift height during the swing phase, hB denotes the body
height, t denotes time, TL denotes the gait cycle, and TSW
denotes the swing phase duration. k3 is a parameter indi-
cating fore or hind legs, with 0 for fore and 1 for hind,
and k4 indicates left or right legs, with 1 for right and
−1 for left. When TL= 0.4 s, TSW= 0.2 s, lSTR= 55 mm,
hCLE= 30 mm, hB= 155 mm, and lD= 146 mm, the foot end
trajectory of the right foreleg is as shown in Fig. 4. In this pa-
per, a trot gait is adopted for quadruped locomotion; thus, the

speed of quadruped motion can be calculated as

vL =
2lSTR

TL
. (8)

4.3 Carriage mode

In the cart-like locomotion, the waist pitch joint rotates
to maintain the front body horizontal. The front leg-wheel
mechanisms perform legged locomotion, controlled by the
foot end trajectory in Eq. (7), enabling uniform motion. The
rear leg-wheel mechanisms perform wheeled locomotion,
controlled by the angular velocity in Eq. (6). To ensure iden-
tical speeds for the front and rear leg-wheel mechanisms, the
control parameters must satisfy

ωWrW =
2lSTR

TL
. (9)
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Figure 3. D–H coordinate frames. Oi denotes the origin of frame i.

Figure 4. Foot end trajectory of the right foreleg.

4.4 Transition from initial posture to different locomotion
modes

The schematic diagram of the robot switching from the initial
posture to different locomotion modes is shown in Fig. 5. In
the initial posture, the body remains level and vertical, and
the four legs are perpendicular to the body. With respect to
the D–H coordinate system in Fig. 3, the waist yaw joint and
pitch joint are set to −90 and 0°, respectively, and all of the
joint angles of the leg-wheel mechanisms are 0°.

To switch from the initial posture to the four-wheel mode,
the primary task is to retract the shank into the circular rim of
the thigh. If only the knee joint is actuated to lift the shank,

the robot’s center of gravity (COG) shifts rearward, gradu-
ally moving away from the center of the support polygon
and risking tip-over. Therefore, while lifting the shank, the
thigh is simultaneously driven backward until it is parallel to
the body, reducing COG displacement. The transition adopts
joint space planning, driving each joint angle uniformly from
the initial posture to the target posture, where θHIR, θHIL,
θKIR, and θKIL are −90, 90, −160, and 160°, respectively.

To switch from the initial posture to the quadruped mode,
the target posture is defined as the instant when all four legs
simultaneously touch the ground – i.e., the transition point
between stance and swing phases. Because the leg configu-
ration changes only slightly, the COG variation is minimal;
joint space planning is thus applied directly to move each leg
joint from its initial position to the target position. The target
angles θHAI, θKAI, θHPI, and θKPI are obtained by substituting
the foot end positions into Eqs. (3) and (4).

To switch from the initial posture to the carriage mode,
the front leg-wheel mechanisms must adopt the leg mode,
the rear leg-wheel mechanisms must adopt the wheel mode,
and the waist pitch joint must rotate to keep the front body
horizontal. During retraction of the rear shank and rotation of
the waist pitch joint, the rear foot ends move forward, tend-
ing to tip the robot backward. Therefore, the transition is di-
vided into two steps. In step 1, the rear shank is lifted while
the thigh is simultaneously driven backward to complete the
rear-wheel-mode transition. In step 2, the waist pitch joint
and the front leg joints are driven to their target positions.
The rear joint angles θHI and θKI are identical to those in the
four-wheel mode; the front joint angles θHCA, θKCA, θHCP,
and θKCP are solved by substituting the foot end positions
into Eqs. (3) and (4). The waist pitch joint angle is deter-
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Figure 5. Schematic diagram of the robot switching from the initial posture to different locomotion modes.

Table 3. Main D–H parameters of DTransleg.

Link θ d a α

(degree) (mm) (mm) (degree)

Right front Leg

0–1 90 0 lW 0
1–2 θP (60–120) 0 0 90
2–3 θH (−230–50) lP lT 180
3–4 θK (−160–0) 0 lS 0

Left front leg

0–5 90 0 lW 0
5–6 θP (−120–60) 0 0 90
6–7 θH (−230–50) lP lT 90
7–8 θK (0–160) 0 lS 180

Right hind leg

0–9 −90 −lF 0 90
9–10 θSY (−120–60) 0 lM 90
10–11 θSP (−30–30) 0 lH 0
11–12 90 lW 0 −90
12–13 θP (−30–30) 0 0 90
13–14 θH (−50–230) lP lT 180
14–15 θK (−160–60) 0 lS 0

Left hind leg

0–9 −90 −lF 0 90
9–10 θSY (−120–60) 0 lM 90
10–11 θSP (−30–30) 0 lH 0
11–16 −90 lW 0 −90
16–17 θP (150–210) 0 0 90
17–18 θH (−50–230) lP lT 180
18–19 θK (0–60) 0 lS 0

Note: θP, θH, θK, θSY, and θSP are the angles of the hip roll, hip pitch,
knee, waist yaw, and waist pitch joints, respectively.

mined by

θSPI = a sin
hB− rF− rW

lH
. (10)

4.5 Mode transitions between different locomotion
modes

The schematic diagram of transitions between different lo-
comotion modes is shown in Fig. 6. From four-wheel mode
to quadruped mode, the postures of all four leg-wheel mech-
anisms must be altered. To ensure a smooth transition, the
four wheels are first synchronized, and the thighs are oriented
backward, and then the thighs are driven downward while
the shanks are lowered. During the transition, the robot’s
COG remains near the center of the support polygon so that a
joint space planning method is directly applied to drive each
joint to its target position. From four-wheel mode to carriage
mode, only the postures of the front leg-wheel mechanisms
and the waist pitch joint angle need to be changed. First,
to minimize motion discrepancies among the front legs, the
front leg wheels are synchronized with the thighs pointing
backward. Subsequently, the waist pitch joint and the front
leg-wheel joints are simultaneously driven to their target po-
sitions.

From quadruped mode to four-wheel mode, the four-wheel
mode is inherently stable and does not require the thighs to
be synchronized. Therefore, it suffices to retract the shanks
into the circular rims of the thighs. From quadruped mode to
carriage mode, the rear leg-wheel mechanisms must switch
to wheel mode, and the hip pitch joints must rotate. Lifting
the rear shanks and rotating the hip pitch joints both shift
the robot’s COG toward the rear of the support polygon. To
ensure stability, the rear leg-wheels are first switched, after
which the hip pitch joints are driven to their target positions.

https://doi.org/10.5194/ms-17-1-2026 Mech. Sci., 17, 1–17, 2026
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Figure 6. Schematic diagram of transitions between different locomotion modes of the robot.

During the rear leg-wheel transition, lifting the shanks alone
keeps the COG within the support polygon, and so the hip
pitch joints remain unchanged.

From carriage mode to four-wheel mode, only the front
leg-wheel mechanisms need to switch to wheel mode, and
the waist pitch joint must rotate to align the front and rear
bodies. Lifting the shanks of the front legs and rotating the
waist pitch joint both enlarge the support polygon so that the
transition is stable and each joint can be directly driven to its
target position. From carriage mode to quadruped mode, only
the rear leg-wheel mechanisms need to switch to leg mode,
and the waist pitch joint must rotate to align the front and rear
bodies. To ensure that the rear legs move in unison, the rear
leg-wheel mechanisms are synchronized, and the thighs are
oriented backward, keeping the rear boundary of the support
polygon away from the robot’s COG. Both the rear leg-wheel
transition and the waist pitch joint rotation guarantee that the
COG remains within the support polygon so that a joint space
planning method is directly applied to drive each joint to its
target position.

5 Simulation

5.1 Simulation platform construction

The 3-D model created in SolidWorks is imported into Cop-
peliaSim, where rigid-body and joint parameters are config-
ured to build the robot’s dynamic model. Control code is
written in MATLAB and co-simulated with CoppeliaSim.
The Newton physics engine is selected in CoppeliaSim, and
the time step in both MATLAB and CoppeliaSim is set to
0.01 s. The foot–ground contact is modeled using Coulomb
friction, with the robot foot defined as rubber and the ground
defined as ceramic tile. Accordingly, the static and dynamic
friction coefficients are set to 0.8 and 0.6, respectively.

5.2 Sequential transition from initial state to four-wheel
mode and then to quadruped mode

The entire motion process is divided into four stages:
initial state to four-wheel mode, four-wheel locomotion,
transition from four-wheel mode to quadruped mode,
and quadruped locomotion. Simulation snapshots and the
position–orientation variations during motion are shown in
Fig. 7a. Position and orientation data are taken from the
front body, with the positive z axis pointing vertically up-
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ward, the positive y axis pointing in the forward direction,
and the positive x axis pointing to the robot’s right. During
0–5 s, the robot transforms from the initial posture to wheel
mode; body height decreases, and the robot moves slightly
backward, while other data remain essentially unchanged,
indicating a stable transformation. During 5–7 s, four-wheel
locomotion is executed; displacement along the forward di-
rection increases, while other data remain almost constant.
Throughout four-wheel motion, the wheel speed is 0.5 rpm,
yielding a theoretical velocity of 275 mm s−1 according to
Eq. (6). Using forward-displacement data divided by elapsed
time, the actual velocity is calculated to be approximately
259 mm s−1, slightly lower than the theoretical value due
to a minor yaw deviation of about 1°. During 7–10 s, the
robot transitions from four-wheel mode to quadruped mode;
body height increases. Friction between the foot ends and the
ground causes small variations in pitch, yaw, and roll angles.
During 10–12 s, quadruped locomotion is performed with a
gait period of 0.4 s, a stride length of 55 mm, a foot end tra-
jectory height of 30 mm, and a body height of 155 mm. Ac-
cording to Eq. (8), the theoretical velocity is 275 mm s−1.
During motion, forward displacement increases; pitch, yaw,
and roll angles vary periodically with the gait cycle, and
lateral displacement increases due to lack of balance con-
trol, causing oscillations and deviations. Using forward dis-
placement divided by elapsed time, the actual velocity is ap-
proximately 229 mm s−1, which is lower than the theoreti-
cal value. This discrepancy is mainly attributed to the robot’s
yaw angle, as well as to contact impacts and local slipping
occurring at the foot–ground interface.

5.3 Sequential transition from initial state to four-wheel
mode and then to carriage mode

The entire motion process is divided into four stages: initial
state to four-wheel mode, four-wheel locomotion, transition
from four-wheel mode to carriage mode, and carriage loco-
motion. Simulation snapshots and position–orientation varia-
tions are shown in Fig. 7b. The data for the first two stages are
essentially the same as in Sect. 5.2. During 7–10 s, the robot
transitions from four-wheel mode to carriage mode; the body
rises, causing the pitch angle to change, but it returns to zero
after adjustment of the waist pitch joint. Owing to inconsis-
tent motion of the two front legs, the body experiences a 7°
yaw change under foot–ground friction; roll angle also oscil-
lates slightly but returns to zero after the transition. During
10–12 s, carriage locomotion is performed with a front leg
gait period of 1 s, a stride length of 40 mm, a foot end tra-
jectory height of 30 mm, and a body height of 135 mm. Ac-
cording to Eq. (9), the rear wheels are driven at 0.145 rpm;
Eq. (8) gives a theoretical velocity of 80 mm s−1. Forward
displacement increases; pitch, yaw, and roll angles exhibit
slight periodic oscillations. Using forward displacement di-
vided by elapsed time, the actual velocity is approximately
75 mm s−1, slightly lower than the theoretical value due to

the robot’s yaw deviation, together with contact impacts and
local slipping during foot–ground interaction.

5.4 Sequential transition from initial state to quadruped
mode and then to four-wheel mode

The entire motion process is divided into four stages: initial
state to quadruped mode, quadruped locomotion, transition
from quadruped mode to four-wheel mode, and four-wheel
locomotion. Simulation snapshots and position–orientation
variations are shown in Fig. 7c. During 0–3 s, the robot
transitions from the initial posture to quadruped mode; the
data remain almost unchanged, indicating a smooth transi-
tion. During 3–5 s, a trot gait is executed, and the simulation
data are essentially the same as those in Sect. 5.2. During
5–13 s, the robot transitions from quadruped mode to four-
wheel mode; the shanks are gradually retracted into the cir-
cular rims of the thighs, and body height decreases. Due to
inconsistent motion among the leg-wheel mechanisms, foot–
ground friction causes the body to deviate, and pitch and roll
angles change; these angles return to zero after the transfor-
mation is completed. During 13–15 s, four-wheel locomotion
is performed, and the overall data remain stable.

5.5 Sequential transition from initial state to quadruped
mode and then to carriage mode

The entire motion process is divided into four stages: initial
state to quadruped mode, quadruped locomotion, transition
from quadruped mode to carriage mode, and carriage loco-
motion. Simulation snapshots and position–orientation varia-
tions are shown in Fig. 7d. The data for the first two stages are
essentially the same as in Sect. 5.4. During 5–15 s, the robot
transitions from quadruped mode to carriage mode. Before
6.8 s, the shanks of the leg-wheels are lifted off the ground,
and the pitch angle increases to approximately 23°. Owing
to inconsistent motion of the two rear shanks, foot–ground
friction causes the body to deviate, and a roll angle appears.
From 6.8 to 12 s, the shanks continue to retract into the cir-
cular rims of the thighs; no relative motion occurs between
the robot and the ground, and so the data remain almost un-
changed. From 12 to 15 s, the waist pitch joint rotates to the
level of the front body, and the pitch and roll angles return to
zero. During this adjustment, inconsistent motion of the two
front legs induces a slight body deviation. From 15 to 18 s,
the robot performs carriage locomotion, producing signifi-
cant forward displacement and a small lateral displacement
due to the yaw angle.

5.6 Sequential transition from initial state to carriage
mode and then to four-wheel mode

The entire motion process is divided into four stages: initial
state to carriage mode, carriage locomotion, transition from
carriage mode to four-wheel mode, and four-wheel locomo-
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Figure 7. Simulation snapshots and position–orientation curves of the front body: initial state to four-wheel mode and quadruped mode (a),
initial state to four-wheel mode and carriage mode (b), initial state to quadruped mode and four-wheel mode (c), initial state to quadruped
mode and carriage mode (d), initial state to carriage mode and four-wheel mode (e), and initial state to carriage mode and quadruped mode
(f).
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tion. Simulation snapshots and position–orientation varia-
tions are shown in Fig. 7e. During 0–8 s, the robot transitions
from the initial posture to carriage mode. Before 5 s, the rear
thighs move backward, and the shanks gradually retract into
the circular rims of the thighs, and the body pitch angle in-
creases. At approximately 4 s, the shanks lift off the ground;
thereafter, body height and pitch angle remain unchanged,
but body translation occurs due to thigh rotation. From 5 to
8 s, the waist pitch joint rotates while the front legs adjust
posture, gradually leveling the front body. From 8 to 10 s, the
robot performs carriage locomotion, and the data remain sta-
ble. From 10 to 15 s, the robot transitions from carriage mode
to four-wheel mode. Body height decreases, and the pitch an-
gle changes but returns to zero upon completion of the tran-
sition. Inconsistent motion of the two front legs causes body
deviation under ground friction, and the roll angle varies, but
it also returns to zero when the transition is completed. From
15 to 18 s, the robot performs four-wheel locomotion, and the
motion is stable.

5.7 Sequential transition from initial state to carriage
mode and then to quadruped mode

The entire motion process is divided into four stages: ini-
tial state to carriage mode, carriage locomotion, transition
from carriage mode to quadruped mode, and quadruped loco-
motion. Simulation snapshots and position–orientation varia-
tions are shown in Fig. 7f. The data for the first two stages are
essentially the same as in Sect. 5.6. During 10–15 s, the robot
transitions from carriage mode to quadruped mode. During
the transition, the pitch angle first increases due to rotation
of the waist pitch joint and then decreases as the rear leg pos-
tures are adjusted, finally returning to zero when the body is
level. Inconsistent motion of the two rear legs causes body
deviation under foot–ground friction. From 15 to 18 s, the
robot performs a trot gait, and the simulation data are similar
to those in Sect. 4.2.

6 Experiments

6.1 Prototype preparation

The robot employs an STM32 development board as its con-
troller and MX-28 servos as actuators; the servos offer a rated
torque of 3.1 N m. A 14.8 V RC battery supplies power to
both the servos and the STM32 board; the board itself is
powered through a 5 V regulator module. The shank servos
are connected to the body servos via an electrical slip ring,
allowing the thighs to rotate without limit. All mechanical
parts are 3-D-printed in PLA (polylactic acid). The complete
robot weighs 3.35 kg. In the experiments, the robot’s position
and posture are measured using video-based motion tracking.
Feature points are marked on the robot body and tracked us-
ing high-precision image processing software to ensure mea-
surement accuracy and consistency. Due to the limitations

of video-based measurement, only the front body height and
pitch angle – being the most relevant posture indicators – are
analyzed and presented.

6.2 Sequential transition from initial state to four-wheel
mode and then to quadruped mode

The entire motion sequence matches Sect. 5.2 except for
differences in timing and parameters. Experimental snap-
shots and the corresponding variations in body height and
pitch angle are shown in Fig. 8a. The trends of front body
height and pitch angle during the experiment agree well
with the simulation. When transitioning from the initial pos-
ture to the four-wheel mode, body height decreases; during
wheeled motion, body height remains essentially constant,
and the pitch angle is stable. Throughout the four wheel
phase, wheels rotate at 0.2 rpm, yielding a theoretical veloc-
ity of 110 mm s−1 via Eq. (6). The measured actual veloc-
ity is approximately 107 mm s−1, matching the theory. When
switching from four-wheel to quadruped mode, body height
rises, and the pitch angle oscillates due to inconsistent mo-
tion among the four leg-wheel mechanisms. In the quadruped
phase, the gait period is set to 1.049 s, stride length is set to
55 mm, foot end lift height is set to 30 mm, and body height
is set to 155 mm; Eq. (8) predicts a theoretical velocity of
105 mm s−1, whereas the actual velocity is 65 mm s−1, which
is significantly lower. This discrepancy is attributed to the
lack of balance control: pitch angle and body height vary
cyclically with the gait period, and leg dragging occurs.

6.3 Sequential transition from initial state to four-wheel
mode and then to carriage mode

The entire motion sequence matches Sect. 5.3 except for
differences in timing and parameters. Experimental snap-
shots and the corresponding variations in body height and
pitch angle are shown in Fig. 8b. The trends of front body
height and pitch angle during the experiment agree well with
the simulation; the first two stages coincide with Sect. 5.2.
When switching from the four-wheel mode to the carriage
mode, the body height rises. Owing to foot–ground friction
and joint-level assembly errors, the body does not reach the
desired posture. Specifically, mechanical play at the joints
caused by assembly tolerances allows slight leg linkage mo-
tion even when the servos are not actuated, which leads to
posture deviations. During carriage locomotion, pitch angle
and body height vary cyclically with the gait period. Car-
riage parameters are set as follows: the front leg gait pe-
riod is 1.14 s, stride length is 40 mm, foot end lift height is
30 mm, and body height is 135 mm. Eq. (9) gives a rear-
wheel speed of 0.127 rpm, and Eq. (8) predicts a theoreti-
cal velocity of 70 mm s−1. The measured actual velocity is
69 mm s−1, which is consistent with the theory.
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Figure 8. Experimental snapshots and curves of front body height and pitch angle: initial state to four-wheel mode and quadruped mode (a),
initial state to four-wheel mode and carriage mode (b), initial state to quadruped mode and four-wheel mode (c), initial state to quadruped
mode and carriage mode (d), initial state to carriage mode and four-wheel mode (e), and initial state to carriage mode and quadruped mode
(f).

Mech. Sci., 17, 1–17, 2026 https://doi.org/10.5194/ms-17-1-2026



Z. Wei et al.: DTransleg 13

6.4 Sequential transition from initial state to quadruped
mode and then to four-wheel mode

The entire motion sequence matches Sect. 5.4 except for dif-
ferences in timing and parameters. Experimental snapshots
and the corresponding variations in body height and pitch
angle are shown in Fig. 8c. Results show that the transition
from the initial posture to quadruped mode is stable. When
switching from quadruped to four-wheel mode, inconsistent
motion among the four leg-wheel mechanisms causes os-
cillations, yet the transition is completed successfully. The
trends of front body height and pitch angle during the exper-
iment match the simulation, but the amplitude of variation is
slightly larger owing to structural errors present in hardware
but absent in simulation.

6.5 Sequential transition from initial state to quadruped
mode and then to carriage mode

The entire motion sequence matches Sect. 5.5 except for dif-
ferences in timing and parameters. Experimental snapshots
and the corresponding variations in body height and pitch
angle are shown in Fig. 8d. Results show that the first two
stages coincide with Sect. 5.4. Moreover, the robot transi-
tions smoothly from quadruped mode to carriage mode. The
changes in front body height and pitch angle during the ex-
periment agree well with the dynamic simulation, but the am-
plitude of variation is slightly larger because structural errors
present in hardware are not modeled in the simulation.

6.6 Sequential transition from initial state to carriage
mode and then to four-wheel mode

The entire motion sequence matches Sect. 5.6 except for dif-
ferences in timing and parameters. Experimental snapshots
and the corresponding variations in body height and pitch an-
gle are shown in Fig. 8e. The trends of front body height and
pitch angle during the experiment agree well with the simula-
tion. Results show that the transitions from initial posture to
carriage mode and from carriage mode to four-wheel mode
are stable, although minor pitch angle oscillations occur.

6.7 Sequential transition from initial state to carriage
mode and then to quadruped mode

The entire motion sequence matches Sect. 5.7 except for dif-
ferences in timing and parameters. Experimental snapshots
and the corresponding variations in body height and pitch an-
gle are shown in Fig. 8f. The trends of front body height and
pitch angle during the experiment agree well with the sim-
ulation. Results show that the first two stages coincide with
Sect. 6.6. Moreover, the robot transitions smoothly from car-
riage mode to quadruped mode.

7 Discussion

This paper presents the design and validation of a trans-
formable articulated-leg leg-wheel robot named DTransleg,
aiming to address the structural complexity and complicated
morphing mechanisms commonly observed in existing artic-
ulated leg-wheel robots. The robot is driven by four identical
leg-wheel mechanisms capable of switching between wheel
mode and articulated-leg mode. By designing the thigh seg-
ment as a circular rim, wheeled locomotion is directly inte-
grated into the leg structure without introducing additional
actuators, resulting in a compact and mechanically simple
configuration. In leg mode, each mechanism provides three
active joints to ensure sufficient mobility, while, in wheel
mode, active motion is achieved using the hip pitch actuator.
In addition, waist yaw and pitch joints are incorporated to
enhance motion flexibility and stability. The design method-
ology, kinematic modeling, motion planning for multiple lo-
comotion modes, and transition strategies are systematically
developed and validated through both simulations and phys-
ical experiments.

Several representative transformable leg-wheel robots
have been reported in the literature. Tadakuma et al. (2010)
proposed a robot whose serial leg links reconfigure into a
complete circular wheel through coordinated joint motions.
Although the mechanism is conceptually simple and supports
both wheeled and legged locomotion, as well as mode transi-
tions, the leg-wheel modules are relatively heavy, which lim-
its agility and efficiency. Okada et al. (2012) realized trans-
formation by extending and retracting the shank within a cir-
cular thigh segment, resulting in a lighter leg-wheel module;
however, the mechanism is structurally complex and exhibits
limited flexibility, and experimental validation was mainly
restricted to wheeled and spoke-like locomotion. Parallel-
leg-based approaches have also been explored. Yeldan et al.
(2022) and Sun et al. (2023) employed four-bar linkages with
arc-shaped links, allowing the legs to morph into pseudo-
wheels or semicircular shapes. To place all actuators on the
body, these designs inevitably increased mechanical com-
plexity. While Yeldan et al. (2022) demonstrated both legged
and wheeled locomotion, Sun et al. (2023) additionally im-
plemented RHex-like legged locomotion. More recently, Ju
et al. (2025) introduced an origami-inspired fan mechanism
into a four-bar linkage to achieve transformation between cir-
cular wheels and parallel legs; however, this approach further
increased structural complexity.

Compared with the above designs, DTransleg achieves a
favorable balance between mechanism simplicity, locomo-
tion versatility, and transformation efficiency. The integra-
tion of the wheel function into the thigh segment eliminates
additional transformation actuators and complex morphing
linkages, significantly simplifying the mechanical structure.
Meanwhile, the articulated-leg configuration provides suf-
ficient degrees of freedom for stable legged locomotion,
obstacle crossing, and posture adjustment. Multiple loco-
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motion modes – including four-wheel, quadruped, and car-
riage modes – are realized using a unified mechanism and
a straightforward transformation strategy. These character-
istics make the proposed robot well suited for practical ap-
plications that require adaptability to diverse terrains while
maintaining a compact, lightweight, and robust mechanical
design.

8 Conclusion

This paper presents the design and development of a trans-
formable articulated-leg leg-wheel robot named DTransleg.
By introducing a circular rim at the thigh, wheeled loco-
motion is integrated into the leg structure, enabling a com-
pact mechanical design and a straightforward transformation
mechanism. Simulations and experiments demonstrate that
the robot can achieve stable four-wheel, quadruped, and car-
riage locomotion, as well as smooth and reliable transitions
among these modes.

Despite these promising results, the current prototype still
requires further optimization in mechanical structure and
control strategies to fully exploit its potential performance.
Joint stiffness, assembly precision, and control robustness
should be improved to reduce posture deviations and to en-
hance motion consistency. In terms of terrain adaptability, the
robot is expected to achieve high-speed and energy-efficient
wheeled locomotion on flat terrain; stable legged locomo-
tion on rough terrain with strong obstacle-crossing capabil-
ity; and load-bearing, obstacle-crossing, and self-recovery
performance in carriage mode. Future work will focus on
implementing a closed-loop control strategy to further im-
prove dynamic stability and motion performance, as well as
to investigate the role of the waist joints and to integrate ad-
ditional sensors to enhance motion flexibility, stability, envi-
ronmental perception, and locomotion autonomy.
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