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α-WaLTR: Adaptive Wheel-and-Leg Transformable
Robot for Versatile Multiterrain Locomotion

Chuanqi Zheng , Siddharth Sane , Kangneoung Lee , Vishnu Kalyanram , and Kiju Lee , Member, IEEE

Abstract—Adaptability is a fundamental yet challenging re-
quirement for mobile robot locomotion. This article presents α-
WaLTR, a new adaptive wheel-and-leg transformable robot for
versatile multiterrain mobility. The robot has four passively trans-
formable wheels, where each wheel consists of a central gear and
multiple leg segments with embedded spring suspension for vibra-
tion reduction. These wheels enable the robot to traverse various
terrains, obstacles, and stairs while retaining the simplicity in
primary control and operation principles of conventional wheeled
robots. The chassis dimensions and the center of gravity location
were determined by a multiobjective design optimization process
aimed at minimizing the weight and maximizing the robot’s pitch
angle for obstacle climbing. Unity-based simulations guided the
selection of the design variables associated with the transformable
wheels. Following the design process,α-WaLTR with an embedded
sensing and control system was developed. Experiments showed
that the spring suspension on the wheels effectively reduced the
vibrations when operated in the legged mode and verified that the
robot’s versatile locomotion capabilities were highly consistent with
the simulations. The system-level integration with an embedded
control system was demonstrated via autonomous stair detection,
navigation, and climbing capabilities.

Index Terms—Ground locomotion, mobile robots, multiterrain
locomotion, wheel-leg transformable robots.

I. INTRODUCTION

AUTONOMOUS mobile robots on the ground can per-
form various tasks, such as surveillance, transportation,

search-and-rescue missions, and exploration. Common methods
of terrestrial locomotion in these robots include wheels, legs, and
tracks. Wheels enable the simplest yet most efficient locomotion
on relatively smooth and flat surfaces, but they exhibit limitations
in traversing rough terrains or obstacles. Increasing the wheel
size improves overall locomotion performance; however, it also
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Fig. 1. α-WaLTR with passively transformable wheels for multiterrain
locomotion.

increases the size and weight of the robot, possibly limiting
accessibility to confined spaces. Compared to the size of the
wheels, the climbable obstacle height remains relatively small.
External factors, such as the surface geometry and friction
between the wheel and contact surface, also contribute signifi-
cantly to the overall mobility [1], [2]. However, these external
conditions can only be predictable if the robot operates in a
well-known environment. Legs, on the other hand, typically
outperform wheels in challenging terrain conditions, but they
often suffer from mechanical complexities and control difficul-
ties [3], [4]. Tracks or crawling mechanisms have advantages
over wheels or legs on soft terrains and slopes, and their oper-
ational principles can be as simple as wheels [5], [6], [7], [8].
However, the increased mechanical complexity often limits their
use to low-speed applications.

A. Introducing α-WaLTR

α-WaLTR is a new adaptive wheel-and-leg transformable
robot (see Fig. 1). The overall size of the platform is 0.72(L)×
0.59(W )× 0.30(H) m3, weighing about 11 kg. The platform
is equipped with an autonomous navigation system enabled by
onboard sensing, processing, and wireless communication ca-
pabilities. This robot is developed for urban military operations
under the support of the Defense Advanced Research Projects
Agency’s OFFensive Swarm-Enabled Tactics (OFFSET) pro-
gram. Therefore, our technical objectives align with one of the
OFFSET missions of advancing locomotion capabilities in urban
military environments. However, the application domains of
α-WaLTR are not limited to this. It has potential for many other
areas, such as agriculture, space exploration, and surveillance.
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Fig. 2. WheeLeR mechanism overview: CAD assembly design of (a) closed
wheel, (b) open wheel, and (c) an exploded view [9].

The locomotion system of α-WaLTR consists of four pas-
sively transformable wheels, which build on our previous design
of the geared transformable wheel mechanism WheeLeR (see
Fig. 2) [9]. This design consists of a central gear, leg segments
with partial gears, and two spoke frames. When the central gear
rotates in the clockwise direction, the legs can open until it
reaches the mechanical locks. The entire mechanism turns and
moves to the right with the legs open as it continues to rotate un-
der sufficient friction, even at a low speed. This allows the wheel
to adapt to terrain conditions. For example, the wheel remains
mostly closed in a circular shape on a smooth flat surface. It
transforms into the leg configuration on a rough surface or when
encountering an obstacle. When the central gear rotates in the
opposite direction, the legs close or remain closed in a circular
shape. The free-body diagram of this wheel and the analysis
of the wheel-leg transformation tendency were presented in [9].
WheeLeR is mechanically simple, with only a few moving com-
ponents. The design variables, including the ratio of the partial
gears on the legs to the central driving gear (ρ = r2/r1), the
number of legs (nleg), and the wheel radius (R = r1 + 2r2), are
customizable. A small prototype (0.115× 0.047× 0.031 m3;
0.5 kg) with two of these wheels and a balancing tail was built
as a demonstrative proof-of-concept prototype [9].
α-WaLTR is a four-wheel drive mobile robotic platform de-

veloped for real-world tactical applications. It is much larger
and heavier than our small conceptual prototype because of the
necessary sensors and other hardware components required for
autonomous navigation. The physical scale-up causes increased
vibrations and shocks during legged locomotion, leading to
an increased risk of hardware damage over time. We have
now implemented a new advanced WheeLeR mechanism with
embedded torsional springs for vibration reduction. A multi-
disciplinary optimization approach was adopted to determine
the overall chassis dimensions and the location of the center of
gravity (CG). The unique challenges associated with selecting
the wheel design were addressed by creating a Unity-based sim-
ulator for comprehensive locomotion testing. α-WaLTR, with
its control system based on the robot operating system (ROS), is
developed and tested for versatile locomotion performance. The
robot’s autonomous stair detection, navigation, and climbing
capabilities presented in this article demonstrate its successful
system-level integration.

B. Existing Hybrid Locomotion Systems

A hybrid locomotion system aims to improve mobility by
combining two or more locomotion methods, especially when

the target application involves diverse and unknown terrain con-
ditions. One way to achieve this is to equip a robot with more than
one locomotion system. For example, robots with both wheels
and legs can selectively use one or the other depending on the
terrain type. The wheels and legs can be either separated [10] or
connected through the same motor shafts [11]. Some robots have
two wheels and two legs to overcome the speed limitations com-
monly observed in legged robots while addressing locomotion
challenges in wheeled robots [12], [13]. Combining tracks and
wheels can also achieve improved locomotion performance [14],
[15]. Another way to achieve hybrid locomotion is to mechan-
ically integrate more than one strategy, e.g., wheels attached at
the distal tips of individual legs [16], [17], [18], [19], [20]. There
are also mechanisms with legs attached to the rims of individual
wheels that can be folded or stretched out [21]. Whegs are spoke
wheels capable of generating leg-like locomotion while being
operated as wheels [22]. This mechanism achieves the speed and
simplicity of wheels and the versatility of legs. TriBot, equipped
with four Whegs, is further hybridized by having an additional
manipulator [23].

Transformable hybrid mechanisms allow the system to change
the mode of locomotion during operation. These mechanisms
can be either active or passive [9] based on their transfor-
mation strategies. Active transformation requires a dedicated
actuator(s) to transition between two or more modes. In pas-
sive mechanisms, external and internal factors typically trigger
transformation without involving any additional actuator. An
active mechanism allows the system to use a specific locomotion
method, but it increases system complexity in both hardware
and software. While passive mechanisms do not increase the
system complexity substantially, they introduce uncertainties in
transition behavior. Most transformable mechanisms utilize the
wheel-and-leg transformation due to the expected advantages
and relative mechanical simplicity.

Active mechanisms have adopted several actuation strategies.
One method involves multiple leg segments evenly arranged
around a disc connected to an axial shaft. By pulling or pushing
this disc, the leg segments can open or close [24], [25], [26], [27].
A similar mechanism was also applied to origami wheels [28],
[29]. Another strategy adopts stick-shaped legs, hidden in the
wheel or extended out [30], [31]. A wheel comprised of two half-
circle legs can be either folded into a semicircular wheel [32],
[33] or deviated radially, forming two legs [34], [35]. A com-
monly adopted three- or four-leg wheel design consists of ar-
ciform lobes connected through linkages that cause the lobes
to fold or extend [36], [37], [38], [39]. Deformable wheels
presented in [40], [41], and [42] could switch between circle
and ellipse and also use the track motion. While most of the
existing active mechanisms use a motor for transformation, some
use wire-driven actuation for its simplicity and lightweight [43],
[44]. Many active transformable mechanisms contain an actuator
within the wheel, requiring power and control signal transmis-
sion from the main chassis; several previous studies used a
slip-ring device for this [45], [46], [47].

Compared to active mechanisms, relatively fewer passive
ones exist. Wheel Transformer consists of two normal legs and
one triggering leg assembled with a transmitting disc and a
spoke frame [49]. The legs can open passively when an external
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Fig. 3. Comparisons with the existing hybrid mechanisms. (a) Weight versus
size of the mobile robots with hybrid locomotion systems. (b) Sc versus C of
transformable wheel-leg mechanisms.

frictional force acts on the triggering leg. The passive morphing
wheel in [50] consisted of a frame and three leg segments. In this
design, springs and magnets keep the legs closed when the robot
stops or moves at a low speed, and wheel-to-leg transformation
is triggered when the robot drives at a high speed. Another
existing design consists of three leg segments, three links, an
internal spoke frame, and an external spoke frame [51]. The leg
segments are connected to the internal spoke frame directly and
to the external spoke frame through the links. Transformation is
triggered by external surface conditions, such as the existence
of an obstacle. Another design consists of three scissor chain
legs and two discs in the middle, forming a rotating pair. The
mechanism is passively transformable by connecting one side of
the scissor chain to a leg and the other side to the inner disc [52].

C. Comparisons With the Existing Hybrid Mechanisms

Based on our review of the existing platforms, passive trans-
formation in hybrid mechanisms has not been realized in phys-
ical platforms of the scale of α-WaLTR to date. Fig. 3(a) com-
pares some existing hybrid locomotion systems and our previous
WheeLeR prototype with α-WaLTR in terms of the weight
and the size represented by the longest body length. While
nontransformable hybrid and actively transformable robots have
been developed in varying sizes and weights, passively trans-
formable ones have remained relatively small and light. Passive
mechanisms often rely on high surface friction or a high rotating
speed (or both) for triggering wheel-to-leg transformation [49],

[50]. Such transformation strategies may be suitable only for
small lightweight robots. In WheeLeR, the leg segments are
mechanically connected to the driving system through the gears.
Therefore, the driving actuator and external factors (e.g., surface
friction and obstacle) trigger the transformation even under a low
speed and high payload.

For the wheel-leg transformable mechanisms, we further eval-
uated the robot’s overall obstacle-climbing ability and structural
complexity. We define a measure of the obstacle climbing ability
as

Sc = Hmax
o /R (1)

whereHmax
o is the maximum climbable obstacle height andR is

the closed wheel radius. Mechanical complexity is measured by
the metric defined in [53], i.e., C = NA ·NJ , where NA is the
number of actuators and NJ is the number of joints. As a robot
may have a different number of wheels, C is calculated for a
single wheel. A regular wheel driven by a motor has one actuator
and one joint, resulting in C = 1. C increases as the design
becomes mechanically more complex. Fig. 3(b) shows Sc ver-
sus C for some existing wheel-leg transformable mechanisms.
While our transformable mechanism can have any number of
legs, the most practical choices are nleg = 3-6. Fig. 3(b) shows
α-WaLTR equipped with three-, four-, and six-leg versions of
the wheels that were fabricated for physical experiments. We
can modify the design to increase the Sc values by extending
the leg length, as described in Section II-A. The three-leg design
achieves the lowest C with a relatively high Sc compared to the
four- or six-leg versions as well as other transformable wheel-leg
mechanisms shown in the plot. In general, passive mechanisms
achieve relatively high Sc with a low C. Most of the existing
robots with passive mechanisms are small and lightweight,
occupying the lower left side of the plot in Fig. 3(a). α-WaLTR
is significantly larger and heavier than those while maintaining
the mechanical simplicity and climbing ability expected in the
passive systems.

II. ADVANCED WHEELER MECHANISM

The kinematic model of the transformable wheel mechanism
was analyzed and reengineered to be physically scalable and
modular. The new WheeLeR design with embedded torsional
springs was introduced for vibration reduction when used in a
larger and heavier platform.

A. Kinematic Model and Analysis

The kinematic analysis aimed to 1) determine the relationship
between the rotating angle of the central gear (θc) and the
distance between the wheel center and the leg tip (Rtip) and
2) analyze the vertical trajectories of the mechanism in the
legged configuration. The length of the legs and the opening
angle determine the maximum value of Rtip, which directly
influences the climbing ability of the mechanism. When the
wheel is in the legged configuration, its “walking” motion gen-
erates vertical movements when the leg segments alternatively
touch the ground while rotating. We expect passive wheel-to-leg
transformation to occur when the wheel encounters an obstacle
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TABLE I
VARIABLES IN THE KINEMATIC MODEL

Fig. 4. Kinematic model of the transformable wheel.

or operates on rough terrain. However, the projected moving
trajectories of the legged configuration on a flat surface provide
useful information for understanding the relationship between
the WheeLeR design and vertical motion. Table I defines vari-
ables introduced in the kinematic model and analysis.

Fig. 4 shows the kinematic model of WheeLeR. O denotes
the wheel center, A is the center of gear on the leg, and B is
the center of the rounded tip of the leg. B in the closed wheel
configuration can be located along the dashed arc overlapping
with the adjacent leg segment. When B is located further away
from A, it creates a longer leg and, thus, is likely more suited
for climbing a higher obstacle. However, it requires a higher
torque at O with a longer moment arm. For WheeLeR to form a
circular shape when fully closed in order to roll smoothly on a
flat surface, the gaps between the leg tip and the rear end of the
adjacent leg segment must be small. We designed the rear side
to match the geometry of the leg tip to ensure minimal gap, as
shown in Fig. 4.

Given nleg, r1, r2, rtip, and selected location of B, AB, AC,
∠BOA, ∠AOC, ∠BAC, and ∠OAB in the closed wheel
configuration can be obtained. We know ∠BOC = 2π/n and
denote ∠OAB as θ0A. The total rotating angle of the leg segment
(∠OAB′) becomes

θA = θ0A + θleg = θ0A + θc
r1
r2

(2)

where θA0 ≤ θA ≤ θmax
A .Rtip is measured by the distance from

O to B′, calculated as

Rtip =

√
OA

2
+AB

2 − 2OA ·AB cos θA (3)

where OA = r1 + r2. Based on the geometric relationships
shown in Fig. 4(b), Rmax

tip = OA+AB is achieved when
θmax
A = π. However, this may not be achievable depending on

Fig. 5. Vertical trajectories of the wheel in four different designs. (a) nleg = 3
and r1 = r2 = 0.032. (b) nleg = 4 and r1 = r2 = 0.032. (c) nleg = 5 and
r1 = r2 = 0.032. (d) nleg = 6 and r1 = 2r2 = 0.048.

the selected design variables and the location of B. The example
shown in Fig. 4(c) has θmax

A < π. Q is located where the end of
the partial gear on the rear side of the leg meets the inner surface
of the adjacent leg. Then, ∠QAO is calculated by

∠QAO = cos−1

{
AQ

2
+AO

2 −QO
2

2AQ ·AO

}

where AQ = r2, AO = r1 + r2, and QO = R− 2rtip. ∠QAO
is the total angle that the leg can rotate about the central gear.
However, a mechanical stopper must be added to prevent the leg
from further rotation. Then, θmax

leg is determined by

θmax
leg = ∠QAO − ε (4)

where ε is the reduced angle due to the added stopper design.
We adopted four different designs of WheeLeR and analyzed

the vertical trajectories of their legged configurations on a flat
surface. The first three designs used the same r1 = r2 = 0.032
with different numbers of legs, nleg = 3, 4, and 5, respectively.
The fourth design used r1 = 0.048, r2 = 0.024, and nleg = 6.
The location of B in each design is arbitrarily selected within
the reasonable range. Fig. 5 shows the four designs and the
corresponding vertical trajectories of O measured from the
ground (OG) as the wheel rotates to the right in the legged
configuration.

B. Advanced WheeLeR Design With Spring Suspension

In a small-size lightweight robot, the impact force directly
applied to the motor shaft and vibrations experienced by the
whole body are insignificant. However, a larger (and heavier)
robot equipped with these wheels would continuously experi-
ence increased shocks and unwanted vibrations while operating
in the legged mode, as observed in Fig. 5. Such shocks and
vibrations would not only increase wear on the structure but also
affect the sensor readings, causing control difficulties. Owing to
the impact of these shocks and vibrations, they must be reduced.
Modularity is another important design consideration, as on-site
replacement of the wheels is often required in field operations.
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Fig. 6. Advanced WheeLeR design with embedded torsional springs. (a)
Exploded view of the CAD model. (b) Fully assembled view with a close-up
view of the torsional spring housed in the leg. (c) Vertical height change while
walking. (d) Winding angle in the torsional springs.

The advanced WheeLeR design for α-WaLTR features an
embedded torsional spring added to each leg assembly, as shown
in Fig. 6(a). As it rotates in the legged mode, the torsional springs
reduce shocks. Each leg on the wheel is equipped with a cavity
to install a right-angled torsional spring. One end of the spring
is fixed in the cavity on the leg segment, while the other is left
free [see Fig. 6(b)]. As one leg hits an obstacle or the ground
while walking, the free ends of the springs hit the spoke frame,
winding the springs and absorbing the impact. This design is
fully integrated, making the wheel structure highly modular
while maintaining its mechanical simplicity.

C. Selection of Torsional Springs

The selection of torsional springs in the advanced WheeLeR
mechanism requires careful consideration of both the physical
space and the expected torque acting on each spring while
walking. The target amount of energy to be absorbed by the
springs is estimated to be the total change in potential energy due
to the vertical height change while walking (Δh) [see Fig. 6(c)].
This leads to an approximation of MrgΔh ≈ 4nleg(1/2kΔθ2),
where Mr is the total mass of the robot, g is gravitational
acceleration, Δh is the maximum change in the vertical height
of the robot body while walking, k is the spring constant, and
Δθ is the range of winding angle of the torsional spring [see
Fig. 6(d)]. The right side of the formula is multiplied by 4
because our platform is equipped with four wheels. The design
of the spring housing in the leg segment can be modified to adjust
Δθ. Considering practical and space limitations, its range is kept
at 45◦ ≤ Δθ ≤ 50◦ in our designs.

The stiffness and the winding angle can, then, be used to
determine the strain energy stored in each spring due to the
bending moment. A spring grade is, then, determined depending
on the incident stress [54]. In this step, the mean diameter and
the wire diameter are first selected based on the physical space
constraints. Subsequently, the yield strength of the spring and the
spring index are obtained. The Wahl factor is used to calculate

Fig. 7. Visualization of seven design variables (L,W,H,D,Lcg, Vcg, and R)
subject to optimization and the extended wheel radius when leg segments are
fully open (Rleg) (a) and (b), and maximum pitch angle (Φ) (c). (a) Front view.
(b) Side view. (c) Maximum pitch angle.

the bending stress on the spring. If the obtained bending stress
is less than the ultimate tensile strength of the spring, the design
parameters are considered to be safe. Otherwise, if higher values
for the mean and wire diameter are chosen, the process continues
until the design is safe. This process must also ensure that the
natural frequency of the spring would not result in resonance.
The total weight and the mechanical design and size of the
wheels must be determined first in order to select proper springs.

III. MULTIDISCIPLINARY DESIGN OPTIMIZATION

Designing α-WaLTR involved many variables and parame-
ters to be carefully identified and examined. Optimizing the
design variables for desired locomotion performance can be
challenging and often time consuming. This section describes
the multidisciplinary system analysis and design optimization
adopted for selecting upper level design variables, including the
overall dimensions of the chassis, location of the CG, and the
wheel size.

A. Design Variables, Parameters, and Constraints

We assume that the robot chassis is in a simple rectangular
box shape and wheels are in a disc shape. Design variables
include the chassis length (L), width (W ), height (H), thickness
of the chassis wall (D), relative longitudinal position of the CG
measured from the front end of the chassis (Lcg), vertical position
of the CG (Vcg), and closed wheel radius (R). Seven variables
subject to optimization are illustrated in Fig. 7(a) and (b). The
moving direction where the wheels can transform into legs is
considered forward and that side of the chassis is referred to
as the front. Lcg ranges between 0 and 1 and is 0.5 if the CG
is at the center of the body chassis. A value smaller than 0.5
indicates that the CG is closer to the front end. We assume that
the front and rear wheels are mounted at each end of the body
chassis. Only R is considered among the wheel design variables
at this optimization phase. Parameters include the payload (P ),
the wheel width (w), and the estimated average densities of the
materials used for the chassis (dc) and the wheels (dw).
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TABLE II
LIST OF DESIGN VARIABLES AND PARAMETERS WITH THEIR BOUNDARY CONDITIONS (AND SELECTED VALUES) AND JUSTIFICATION

Boundary values of L and W were determined by the mini-
mum required area for fitting all the internal components without
exceeding 0.7 m along each dimension. The upper boundary
was selected by the size of the larger commercial unmanned
ground vehicle platforms used by the OFFSET program. The
lower boundary of H was determined by the tallest internal
component (i.e., Jetson TX2) plus adding some room for heat
dissipation while keeping the maximum height within 0.1 m.
The boundaries of Lcg considered possible arrangement of the
internals while keeping it toward the front. Vcg is the vertical
position of the CG measured from the ground, and its boundaries
were determined by the reasonable wheel and chassis sizes. The
standard raise height of a stair is around 0.18 m, which was used
as the minimum climbable obstacle height. Using the same value
for the maximum traversable gap width, the lower bound of the
closed wheel radius R = 0.095 m was determined. The upper
boundary considers low Vcg as well as the overall size.

Table II lists all the design variables with the boundary
conditions and parameters with selected values used for this
optimization process. Parameter values used in the optimization
were selected based on reasonable estimations. The wheel width
does not directly affect the climbing capability, and a fixed value
of w = 0.03 m was selected. Material densities are determined
based on commonly used materials for robot chassis and wheels.
The wheels were 3-D-printed using polylactic acid (PLA) with a
material density 1250 kg/m3. With 40% infill percentage, dw =
500 kg/m3. We used dc = 1250 kg/m3 considering potential
candidates of the chassis materials (e.g., carbon fiber, PLA, and
acrylics) for the chassis. Sinceα-WaLTR was developed to work
with other robotic agents in the swarm as part of the OFFSET
program, it must carry specific sensing and processing devices
as well as the actuators and batteries, as listed in Section V-A.
The total estimated weight of those components are P = 6 kg.
This only considers the internal payload associated with these
embedded components, not the external payload to be carried
by the robot for transportation. α-WaLTR was not designed to
carry external payload, and thus, we used a fixed parameter value
for P . For a robot carrying an external payload, an estimated
maximum value may be added to the internal payload.

A few assumptions also had to be made regarding the con-
straints. The chassis base could sag over time due to the load on
the chassis and the impact it would experience while moving on
rough terrain or in legged locomotion. Sagging will affect the

climbing capability and result in misaligned motors. We assume
that less than a millimeter of sagging may happen. We also
keep the ratio between the wheelbase and the track between 1.2
and 1.6 based on common vehicle building standards. Finally,
the vehicle may topple on its side while taking a sharp turn or
turning on an inclined surface. The static stability factor (SSF)
was calculated by the ratio between the half-length of the wheel
track to Vcg, such that SSF = W/2Vcg). We assume that the SSF
is kept between 1.1 and 1.5.

B. Multiobjective Design Optimization

This optimization aims to determine the most advantageous
set of variables under two primary objectives: 1) minimizing
the robot’s mass and 2) maximizing the pitch angle of the
robot. The robot’s mass is directly linked to torque requirements,
deployability, and also the cost. The pitch angle indicates the
achievable slope of the robot body without flipping over.

The first objective function for the mass is defined as

Zm =
fm
zmax
m

(P +Mw +Mc) (5)

where P is the payload and Mw and Mc are the wheel and
chassis masses, respectively, estimated by

Mw = 2dwπwR
2 (6)

Mc = dc{LWH − (L− 2D)(W − 2D)(H − 2D)}. (7)

We note that Mw estimates the mass of two wheels only,
assuming that two rear wheels remain in contact with the ground
when climbing. Mc is determined by the volume of the box-
shaped chassis multiplied by the material density dc. fm is
the relative weight factor assigned to this objective function,
and its value depends on the designer’s choice. While keeping
the summation of the two weight factors equal to 1, a higher
weight can be assigned to the more critical objective function. If
all the objectives are equally important, the same weight can
be used without affecting the optimization process. zmax

m is
the maximum possible robot mass calculated by maximizing
the mass term (P +Mw +Mc) in (5) using the sequential
quadratic programming algorithm for optimization in MAT-
LAB [55]. Based on the boundary conditions and parameter
values, the result was 45 kg. This value substitutes zmax

m and
transfers the objective function to a dimensionless space. The
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Fig. 8. (a) and (b) Simplified representation of the robot supported by the two
front legs on an obstacle, while the two rear wheels remain in contact with the
ground.

two objectives involved in our optimization process do not have
the same engineering units, and this transfer process allows us
to evaluate the tradeoffs between the two objectives.

The driving motors’ torques required for the robot to climb
over an obstacle is proportional to Zm. When the robot is
supported by the tips of the two front legs on an obstacle [see
Fig. 8(a)], the torque on each wheel can be estimated based on
a simplified representation shown in Fig. 8(b). When stationary,
the normal force at the tip of each leg (F), assuming that the
two rear wheels remain in contact with the ground, can be
approximated as

F ≈ (P +Mw +Mc)g

2
· L(1− Lcg)

(Rleg + L)
∝ Zm (8)

where Rleg = Rtip + rtip and Rtip is calculated using (3). The
torque at the motor can, then, be estimated by

T ≈ F ·Rleg ∝ Zm. (9)

Since the torque is proportional to the robot’s mass, it is mini-
mized when Zm is minimized.

Fig. 7(c) illustrates how the maximum pitch angle (Φ) can be
calculated. The second objective function for the robot’s pitch
angle is, then, defined as

Zp =
fp

zmax
p

tan−1

{
L · (1− Lcg)

Vcg

}
. (10)

Likefm, the weight factorfp is the designer’s choice and is based
on optimization goals. zmax

p is the maximum possible value of
Φ, calculated as 74◦ by following the same process described
above for zmax

m [55].
The combined objective function is defined as

Z = Zm −Zp. (11)

Since our goal is to minimizeZm and maximizeZp, the negative
sign was added to Zp to make it a minimization problem. As
previously mentioned, fm and fz are the weights assigned to the
objective functions in (5) and (10), respectively, by the designer
based on their relative importance. We used fm = 0.45 and
fp = 0.55, assigning a slightly higher weight to the pitch angle
than the total mass. Based on the described assumptions and
constraints, we used the Pareto Search Algorithm in MATLAB to
locate nondominated points iteratively in the objective space to
generate a Pareto Front via pattern search [55]. The Pareto Front
in Fig. 9 plots 200 optimal points while informing the tradeoffs
between the two objectives. Four optimal points are selected to

Fig. 9. Optimized objective space by the Pareto front. Four selected optimum
points and corresponding variables are displayed (Set 1–4). All lengths are
shown in meters except for Lcg, which is a fraction, the total robot weight
M in kilograms, and the pitch angle in degrees.

display the corresponding values of the optimized variables. For
each selected point, the figure provides the corresponding total
mass of the robot with four wheels (M = P + 2Mw +Mc)
and pitch angle (Φ). Four of the seven variables always con-
verge to the lower bounds (i.e., R = 0.095 m, D = 0.005 m,
H = 0.08 m, and Vcg = 0.16 m) and, thus, are omitted in the
figure. We note that the robot’s total mass, here, accounts for
the payload, the chassis mass, and the mass of four wheels
instead of two. In our case, achieving a high pitch angle for
obstacle climbing was considered more important than reducing
the weight; therefore, Set 4 was selected for further simulations
and hardware construction. If a smaller Φ with a lower M is
desired, one may consider Set 1 instead.

IV. LOCOMOTION SIMULATOR

A Unity-based simulator was created to empirically evalu-
ate the locomotive performance of various wheel designs and
sizes. The design optimization process described above suggests
optimal values for chassis dimensions and, thus, guides motor
selection given physical constraints, payload, and minimum
obstacle height. However, the performance and behavior of
the passively transformable wheels on different terrains is hard
to predict. Wheel-specific design variables, such as R, ρ, and
nleg, affect locomotive performance. The examination of these
variables via physical prototyping followed by experiments is
highly time consuming and costly. The presented simulator
allows comparative evaluations of various wheel design options
on diverse test environments.

A. Simulation Environment

Unity offers an easy user interface and a rich integrated
development environment for robot simulations [56]. For exam-
ple, Unity-based simulators have been linked with the ROS to
develop and test navigation and control algorithms of unmanned
aerial or ground vehicles [57], [58] as well as multirobot sys-
tems [59]. The virtual locomotion test environment and robot
models were created in Unity 2018.4.12f1 (Unity Technologies
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Fig. 10. Unity simulation environment consisting of multiple terrains, includ-
ing rough surfaces, stairs, obstacles, and gaps.

Inc.) on a Windows 10 computer with the following system con-
figuration: Intel CoreTM i7-8700K CPU @ 3.70 GHz; 32.0-GB
DDR4 RAM @ 2666 MHz; NVIDIA GeForce GTX 1080 Ti;
256-GB M.2 PCIe NVMe SSD.

B. Modeling of Test Environment

Locomotion performance may vary significantly across dif-
ferent situations and projected environmental conditions. Most
real-world applications involve a significant level of uncertainty
and diverse terrain conditions, making the robot’s versatile
locomotion capability critical. Benchmarking the experimental
protocol presented in [53], a modular set of virtual environmental
structures was created in Unity, as shown in Fig. 10. While these
structures are highly modular and customizable, the current test
setup consists of the following:

1) gaps with varying widths of 0.1, 0.15, 0.2, 0.25, and 0.3 m;
2) obstacles with varying heights 0.06, 0.08, . . ., 0.24 m;
3) stairs with the tread of 0.25 (standard depth) and varying

raise height of 0.16, 0.18, 0.20, and 0.22 m;
4) rough surfaces with irregular bumps with varying average

heights of 0.05, 0.1, 0.15, and 0.2 m.

C. Modeling of α-WaLTR

Creating a Unity model of α-WaLTR involves the following
four steps: 1) importing 3-D computer-aided design (CAD)
models of the wheel components to Unity; 2) creating colliders,
which define the physical shapes and boundaries of objects,
for individual moving components of the wheel; 3) assembling
the wheel components; and 4) connecting four wheels to a
robot chassis model. First, SolidWorks 3-D models of the trans-
formable wheels are created and imported to Unity. Second,
colliders are defined for individual moving components, includ-
ing the central gear and leg segments, as shown in Fig. 11(a).

Fig. 11. Unity models for WheeLeR with different design parameters.
(a) Colliders of central gear and leg segment. (b) Design I: nleg = 3 and ρ = 1.
(c) Design II:nleg = 3 andρ = 2. (d) Design III:nleg = 4 andρ = 1, (e) Design
IV: nleg = 5 and ρ = 1. (f) Design V: nleg = 6 and ρ = 0.5.

For wheel assembly, all the joints connecting the gears and legs
to the spoke frame were defined as configurable joints, which
provide customizability and guarantee the accuracy of the shaft
positions. Finally, four wheels are assembled to the chassis. The
hinge joints connect the central gears to the chassis, and each
joint is integrated with a simulated motor. We used 18 N · m for
the simulated motor torque, matching the motor output in the
physical robot. A simple P control is applied to the motors with
a target rotational velocity specified. The chassis dimensions
followed the suggested values in Set 4 (see Fig. 9).

The gear ratio ρ affects the wheel-to-leg transformation ten-
dency, i.e., the larger value of ρ, the easier transformation from
wheel to legs [9]. nleg also influences the locomotive behavior,
such that the wheel with a higher nleg would result in smoother
walking, while Sc (1) becomes smaller than that with a smaller
nleg. For empirical evaluations of locomotion performance, five
wheel designs were created as shown in Fig. 11(b)–(f): [I]
nleg = 3 with ρ = 1, [II] nleg = 3 with ρ = 2, [III] nleg = 4
with ρ = 1, [IV] nleg = 5 with ρ = 1, and [V] nleg = 6 with
ρ = 0.5. For each design option, we considered varying wheel
sizes of R = 0.08− 0.11 with a 0.005-m increment, resulting
in 35 sets of wheels for evaluation. While R = 0.095 m satisfies
the minimum traversable gap, we opted to explore varying wheel
sizes in simulations for comprehensive understanding of the
dynamic behavior and relationships between the wheel design,
size, and locomotion performance.

D. Simulation Protocols and Results

We conducted simulations to compare the locomotion per-
formance of a robot equipped with conventional wheels and
different designs of WheeLeR in varying sizes and operated at
different speeds. The chassis model based on Set 4 was first
equipped with regular (nontransformable) wheels in varying
sizes of R = 80–110 mm with a 5-mm increment and tested
on diverse terrains, including stairs, obstacles, gaps, and rough
surfaces, as shown in Fig. 10. Then, the robot model was
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Fig. 12. Simulation results of locomotion testing at two different speeds,
(a) 1.6, (b) 3.2, and (c) 4.5 rad/s. Regular wheels and five designs (I–V) of
WheeLeR with R = 0.08 : 0.005 : 0.11 were tested on four different types
of environment of stairs, obstacles, gaps, and rough terrains. 3/3 success trials
shown in white, 2/3 in light gray, 1/3 in dark gray, and 0/3 in black.

equipped with WheeLeR in one of the five different designs and
tested on the same set of terrains. For each design of WheeLeR,
R = 80-110 with a 5-mm increment was also considered. We
programmed the robot with each set of wheels to move forward
on a given surface three times at the wheel speeds of 1.6, 3.2,
and 4.5 rad/s and counted the number of successes. If the robot
traverses the terrain within the specified time (i.e., 40 s for
staircases and rough surfaces; 10 s for obstacles and gaps), we
counted it as a successful trial.

Fig. 12 shows the simulation results for each speed option,
where the brightest cells indicate 3 out of 3 successful trials,
light gray for 2/3, dark gray for 1/3, and black for 0/3 success
rate. The cells on the left with red outlines show the results
from the regular wheels. The results from the five WheeLeR
designs are on the right with yellow outlines. Overall, wheel-leg
transformation in WheeLeR significantly enhances the overall
locomotion performance of the robot compared to the regular
wheels. Comparing the five different WheeLeR designs within
each row, the brighter regions tend to decrease as the number
of legs increases on stairs and obstacles. The differences when
testing on surfaces with gaps and rough terrains were not as

significant. We also observed the improved overall locomotion
performance as the speed increased, except for the stairs. The
stair climbing performance worsened slightly as the speed in-
creased. The high speed occasionally caused the robot to flip over
while attempting to traverse a staircase, especially for Designs
I and II. The results indicate a better overall locomotion ability
with a smaller nleg (indicating a longer Rtip) and a larger R.
The overall climbing score Sc decreases as nleg increases (i.e.,
Sc = 2.5 in Design I, 2.1 in Design III, and 1.92 in Design V
with R = 0.095).

The robot’s turning performance was tested by rotating the
wheels in the clockwise direction on asphalt, concrete, tiles, and
rough surfaces (0.02 and 0.05 m). Asphalt, concrete, and tiled
surfaces were created with different dynamic friction factors
(0.68, 0.80, and 0.40) and static friction factors (0.68, 1.00, and
0.40) on a flat surface. Since α-WaLTR can turn on the spot, we
omitted the experiments for turning with a radius. The following
scoring method is adopted for measuring turning performance:
St = Tmin

t /Tt, where Tt is the time it takes for a full 360◦ turn
andTmin

t is the minimum turning time given the angular velocity
of the wheels ωmax assuming the wheels move on a complete
circular path, calculated by Tmin

t = WπRωmax.
The legs may open even on a flat surface if the friction is

sufficiently high. To evaluate the walking behavior of different
wheel designs on a flat surface, we tested the five designs with a
fixed wheel size R = 0.095. Standard deviations of the vertical
trajectories of Vcg were 0.149 for Design I, 0.133 for Design II,
0.044 for Design III, 0.038 for Design IV, and 0.031 for Design V.
A smaller nleg causes higher fluctuations in the vertical motions,
which are directly linked to the physical vibrations and shocks
experienced by the robot while walking. The standard deviation
significantly reduces when nleg ≥ 4 (Designs III–V) compared
with nleg = 3 (Designs I and II).

Based on these results, Design III with R = 0.095 or larger
satisfies our locomotion objectives. This also aligns with the
results from the multiobjective optimization. For this selected
design, turning performance was also tested for two sizes of
R = 0.095 and R = 0.11. The results showed that St = 0.65
with R = 0.095 and 0.64 with R = 0.11 on concrete, 0.63 and
0.66 on asphalt, 0.49 and 0.53 on a rough surface with h = 0.02,
and 0.45 and 0.45 on a rough surface with h = 0.05 for the two
wheels, respectively.

V. HARDWARE DEVELOPMENT

The Set 4 variables (see Fig. 9) for the chassis and Design III in
two different sizes (R = 0.095 and 0.11) for the wheels are used
for hardware construction. For further physical evaluations of
locomotion performance and validation of the Unity simulator,
two additional sets of wheels, including Design I with R = 0.08
and Design V with R = 0.11, were also fabricated. The overall
software architecture is based on the ROS.

A. Embedded Hardware Components

Fig. 13 shows the embedded electronic components and ac-
tuators in a wiring diagram. Their technical specifications are as
follows.
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Fig. 13. Wiring diagram of all embedded components of α-WaLTR.

1) Main processor: Jetson TX2 with a 64-bit quad-core Arm
Cortex -A57 CPU and a 256-core NVIDIA Pascal GPU.

2) Actuators: Four of 5202 Series Yellow Jacket Planetary
Gear Motors (188:1 Ratio, 30 RPM, 3.3–5-V Encoder)
with torque of 3470 oz · in (24.5 N· m), each embedded
with a quadrature encoder.

3) Sensors: Two RGB-Depth (RGB-D) cameras (Intel Re-
alSense D-435i), inertial measurement unit (IMU) (Pix-
hawk Orange Cube; triaxial accelerometor, gyroscope,
and compass), and GPS (CubePilot Here3 Precision GNSS
Module).

4) Battery: 16 000-mAh 14.8-V LiPo battery for the drive
system and 5 200-mAh 14.8-V LiPo battery for the sensors
and the main processing board.

5) Motor controller: Two Basicmicro’s Roboclaw 30-A mo-
tor controllers.

6) Others: Powered USB hub, power brick mini, 5 and 12-V
dc regulators, and RP-SMA cables.

The front camera, LiDAR, and IMU are connected to a single
powered USB hub powered by a 5200-mAh battery with a 5-V
dc regulator. The IMU is powered through the power brick
mini. The USB hub is connected to the USB 3.0 port, where
the mini USB port is used to operate the rear camera. The
16 000-mAh battery powers the drive system and Jetson TX2
through a 12-V dc regulator. Between the motor controller and
the main processing board, one power line is for the encoder
system and the other for the motors. Two motors on each side
of the robot are controlled using a single signal line and, thus,
operate simultaneously. The reverse polarity SMA (RP-SMA)
cables are used as wireless network extension cables attached
to the Jetson TX2 board. The 2.4/5-GHz dual-band RP-SMA
antennas are attached on both the sides of the robot for enhanced
WiFi connectivity.

B. Design, Fabrication, and Assembly

The advanced WheeLeR mechanism in Design III consists of
a central driving gear, four leg segments, four torsional springs,
and two spoke frames for the selected four-leg configuration. The
estimated stiffness of the spring k is about 0.9 N · m/rad with

Fig. 14. Fabrication of advanced WheeLeR in four-leg configuration with
spring suspension. (a) Rubber sheet added to the leg. (b) Torsional spring inserted
in the cavity of a leg. (c) Spoke frame securing the gears and the springs.
(d) Connection between the wheel and the motor shaft.

Fig. 15. Final α-WaLTR platform. (a) CAD model of the chassis in isometric,
top, and front views. (b) Fully constructed hardware platform. (c) Four types of
wheels.

estimatedMr = 13. Following the selection process previously
described and based on commercial availability, we selected
torsional springs that can work for both the wheel sizes with
a wire diameter of 0.00216, an outer diameter of 0.019, and
a torque of 1.45 N · m. Individual wheel components were
3-D-printed with PLA with 40% infill rate. The contact surface
of each leg is covered with friction enhancing rubber sheet [see
Fig. 14(a)]. The sheet is attached to the 3-D-printed leg using
screws and adhesive. A torsional spring is inserted in the cavity
in each leg, and all the legs are arranged around the central gear
[see Fig. 14(b)]. Two spoke frames hold the springs in place and
assemble the central gear and the legs [see Fig. 14(c)]. The fully
assembled wheels are, then, attached to the motor shaft through
a barrel hub [see Fig. 14(d)]. This connector allows easy and
quick replacement of the wheel when needed.

Fig. 15(a) shows the CAD model of the robot in top and
front views. While maintaining the overall dimensions of the
chassis suggested from the optimization process, the curved
chassis design provides sufficient space for the front and the
rear motor mounts and the installation of the antennas while
reducing the overall weight. The chassis comprises a custom-cut
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carbon fiber baseplate, 3-D-printed PLA walls, and a laser-cut
acrylic top cover. Each wall slides in a slot on its adjacent wall
for secure locking between the two. The front and rear walls
have windows for the RGB-D cameras, and the top cover has
3-D-printed LiDAR and GPS mounts. Two columns mounted on
the baseplate support the top cover. Two antennas are installed on
the left and right sides of the robot. Four 3-D-printed twist locks
secure the top cover to the chassis walls, offering easy access
to the internals of the robot for debugging and modifications.
Additional screws and nuts are used for fully securing the top
cover before deployment. Fig. 15(b) shows fully constructed
α-WaLTR. Fig. 15(c) shows four sets of wheels built for physical
experiment.

VI. EXPERIMENTAL EVALUATION

Physical experiments focused on evaluating 1) the effect of the
advanced WheeLeR design in vibration reduction; 2) versatile
locomotion performance; and 3) autonomous stair climbing
capability.

A. Evaluation of the Advanced WheeLeR Design in Vibration
Reduction

To evaluate the effect of the torsional springs on reducing
overall vibrations experienced by the robot, we employed the
robot, equipped with the wheels in the advanced WheeLeR
design and those in the previous design, and measured the
acceleration responses, which are often considered to evaluate
the effect of a suspension system on reducing vibrations in
mobile robots [72], [73]. Pixhawk’s embedded algorithm was
adopted for measuring vibrations [61]. This algorithm first col-
lects raw x, y, and z acceleration values from the IMU and
processes them using a high-pass filter at 5 Hz to remove the
robot’s movement. This process establishes the baseline for each
vibration axis. Differences between the measured and baseline
data are captured, and the standard deviation is calculated for
each axis value representing the corresponding vibration.

The experiments involved the robot equipped with the Design
III wheels in two different sizes (R = 0.095 and 0.11), with and
without torsional springs. By removing the torsional springs
from their encasing (see Fig. 14), the mechanism becomes
the same as the previous design [9]. The torsional springs are
added to reduce vibrations, while the robot moves in the legged
configuration. The experiments were performed on a rough
surface, where the legs can remain open while moving. For
a reference, we also measured the vibrations when the robot
moves with regular (nontransformable) wheels in the same sizes.
The robot equipped with each set of wheels was operated at
three different speeds, 1.6, 3.2, and 4.5 rad/s. The vibration data
were recorded for 30 s from Pixhawk. The average value for
each axis was calculated, resulting in three values, ax, ay , and
az . The whole-body vibration (WBV) was then calculated by

WBV=
√

(a2x + a2y + a2z) (ISO 2631-1:1997) as a measure of

the overall vibrations experienced by the robot.
Fig. 16 shows the results in six groups of three bars in blue,

orange, and yellow. Blue bars indicate the WBV values when the

Fig. 16. Vibration analysis ofα-WaLTR equipped with Design III (R = 0.095
and 0.11) with and without spring suspension.

Fig. 17. Selected locomotion test environments: α-WaLTR was tested on
grass, asphalt, concrete, rough surfaces with the average roughness height of
0.02, 0.05, and 0.1, staircases with the raise height of 0.16 and 0.18, and single
obstacles with varying heights (0.08–0.24).

robot moves with regular wheels; orange bars are from the robot
equipped with the advanced WheeLeR mechanisms; Yellow bars
display the results from the robot equipped with the previous
WheeLeR mechanisms, which do not have embedded torsional
springs. The WBV measured from the robot with the advanced
WheeLeR design was 25% (R = 0.095) and 33% (R = 0.11)
less than that with the previous WheeLeR design when operated
at the speed of 1.6 rad/s, 13% and 18% at 3.2 rad/s, and 7% and
9% at 4.5 rad/s. The effect of the torsional springs in vibration
reduction was significant when the robot moved at a low speed,
allowing sufficient time for the springs to absorb the shock while
walking. When operating at a higher speed, the legs slip through
without reaching the full contraction of the springs, resulting in
less significant vibration reduction.

B. Evaluation of Versatile Locomotion Performance

For the physical evaluation of locomotion performance,
α-WaLTR was remotely controlled to move on various ter-
rains and climb over obstacles. Testing environments included
grass, asphalt, concrete, rough terrain with overall roughness of
0.02 and 0.05, staircases (raise height/tread width: 0.16/0.42;
0.18/0.29), and single right-angled obstacles (Ho = 0.16–0.24)
(see Fig. 17). On each environment, α-WaLTR moved forward
at 3.2 rad/s three times, and successful traversals were counted.
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Fig. 18. Locomotion test results from physical experiments (and simulations
shown in circles for comparison) for design I (R = 0.08), Design III (0.095 and
0.11), and Design V (0.11). 3/3 success traversals shown in tinted white, 2/3 in
light gray, 1/3 in dark gray, and 0/3 in black.

On grass, asphalt, concrete, and rough surfaces, the robot was
tested for forward and rotational motions.

Fig. 18 visualizes the results from both physical experiments
and simulations. Each square cell shows the experimental result
for a specific wheel selection and test environment. A colored
dot on a cell indicates the simulation outcome if it differs
from the experimental result. The same color-coding scheme
used in Fig. 12 was adopted. α-WaLTR showed a 3/3 success
rate on grass, asphalt, concrete, and all rough terrains with
h = 20, 50, and 100. On rough terrains, stairs, and obstacles,
the wheels transformed into the legged configuration. The robot
could reliably climb over both types of staircases except when
it was equipped with Design I, showing a 2/3 success rate on
the staircase with the raise height of 0.18. Design I (R = 0.08),
Design III (R = 0.095), and Design V (R = 0.11) could reli-
ably climb over an obstacle up to Hmax

o = 0.2, and Design III
(R = 0.11) was able to climb up to 0.22. As shown previously
in Fig. 3(b), when nleg increases from Design I to V, Sc slightly
decreases while C increases: Sc = 2.5 and C = 4 for Design I,
Sc = 2.1 and C = 5 for Design III, and Sc = 1.92 and C = 7
for Design V. This indicates that given R, a design with a
smaller nleg achieves better climbability due to the longer stroke
expected from the legs when opened. When operating in the
wheeled mode, Omax was about the same as the radius of
the wheel resulting in Sc ≈ 1. The experimental results were
highly consistent with the simulation outcomes, demonstrating
the simulator’s potential for predicting the physical locomotion
performance of different wheel designs.

We also tested the robot’s locomotion performance in turning
on the spot for the Design III wheels. On grass, asphalt, concrete,
and rough surfaces, both sets of Design III wheels showed
similar performance measured by St, such that St = 0.42/0.44
on concrete, 0.38/0.44 on asphalt, 0.32/0.36 on a rough surface
with h = 0.02, and 0.31/0.29 with h = 0.05. Compared to the
simulation results in Section IV-D, physical turning experiments
resulted in St values 33% lower than that from the simulations.
Owing to the passive nature of the transformable wheels, turning
on the spot often results in two wheels on one side moving in
one direction in the wheeled mode and the other two moving the
opposite direction in the legged mode. In simulations, the motors
perform ideally and continuously rotate even while walking.
However, in reality, when the legs hit the ground, the angular
speed of the motors instantly decreases drastically and recov-
ers over time, increasing Tt and thus lowering St in physical

Fig. 19. ROS-based software architecture for autonomous navigation and stair
climbing with newly developed algorithms shown in yellow boxes.

experiments. However, overall trends of St in both simulations
and experiments were consistent, implying that the simulations
can provide useful performance indicators for different terrain
conditions.

VII. ALGORITHMS FOR AUTONOMOUS NAVIGATION AND STAIR

CLIMBING

Urban environments involve unique locomotion challenges
due to coexisting man-made and natural environments with
diverse obstacles. Staircases, meaning connectivity and acces-
sibility for humans, often become a major barrier for wheeled
robots. If a robot can traverse staircases, it is likely to climb over
various obstacles and traverse diverse terrain types, as shown
in our simulations and physical experiments. Therefore, the
ability to traverse stairs is considered a signature capability of
α-WaLTR and used to demonstrate the system-level integration.
This section describes the overall software architecture with
employed ROS packages and embedded algorithms to enable
α-WaLTR to autonomously detect, navigate toward, and traverse
a staircase. We adopted Design III (R = 0.095) in the stair
detection and traversing experiments.

A. ROS-Based System Architecture

Fig. 19 shows the overall control software architecture based
on the ROS. The control system combines the newly devel-
oped algorithms with open-sourced ROS packages to realize
autonomous navigation functions, including localization, obsta-
cle avoidance, path planning, and motor control. Localization
utilizes the ROS Robot Pose Extended Kalman Filter (EKF)
package based on the GPS, compass, and IMU data. Obstacle
detection uses the laser and depth data captured by the 2-D
LiDAR and RGB-D cameras. The Real-Time Appearance Based
Mapping (RTAB-Map) package in the ROS calculates the vi-
sual odometry [60], and RTAB-Map generates point clouds of
detected obstacles from the depth images captured by RGB-D
cameras. Global and local cost maps are created using depth and
laser data. The “move base” ROS package serves as the primary
path planner [63]. This package processes the current velocity
and position of the robot from the localization algorithm and
generates several sample paths.

These adopted ROS packages are designed for conventional
wheeled robots. One of the advantages of α-WaLTR is the
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applicability of such extensive open-source control algorithms
available for wheeled robots. However, to utilize the advanced
locomotion capabilities of α-WaLTR, new algorithms must be
added and modifications to existing ones are necessary. The
newly developed algorithms include stair detection [64], visual-
based stair navigation, stair climbing, and velocity arbitrator
algorithms. The yellow boxes in bold text in Fig. 19 indicate
these customized algorithms. The existing ROS move base
package for the local cost map includes three classes: free
space (cost: 0), obstacle space (cost: 254), and surrounding
area of obstacle (cost: 253). The surrounding area is based on
a user-defined distance from the detected obstacle and can be
determined considering the required clearance and possibly the
robot’s operating speed.

A conventional wheeled robot can typically traverse low
obstacles with the height up to the wheel radius R, while other
factors also affect the actual climbing ability [1], [2]. The free
space class in this case can be defined by the area with the ob-
stacle height Ho ≤ R where R = 0.2. Upper and lower bounds
of the classes can be adjusted based on the robot’s maximum
climbable obstacle height (Hmax

o ). One may also consider a
more detailed classification, e.g., dividing the free space into
two classes—one for wheels and the other for legs. Each of
these classes may have a uniquely assigned cost taking account
for parameters like the power consumption and trajectory length.

B. Stair Detection Algorithm

The modified local cost map can be used for generating a
path accounting the robot’s locomotion capability. However,
traversing a staircase requires the robot to utilize specialized
algorithms, which are different from navigation algorithms for
flat surfaces. During the stair-traversing process, the robot has to
align itself with the stairs and maintain its heading orientation
while climbing up or moving down. Therefore, the capability
of autonomous stair detection and precise steering toward the
entrance of the staircase is essential. This subsection presents
an efficient stair detection strategy that can be applied for em-
bedded robotic systems. While many machine-learning-based
algorithms exist [65], [66], [67], [68], [69], [70], most of them
are not directly suitable for embedded robotic applications due to
1) models trained using a significantly different dataset, resulting
in low performance when implemented in the robot [64]; and 2)
high computing and processing load for real-time operations and
retraining when needed [64], [70].

We have recently developed a stair detection algorithm, which
allows fast and reliable stair detection using RGB-D data [64]. In
field operations, the environment can be significantly different
from the data used in establishing the classification model. In this
case, a model trained using an existing dataset requires retraining
with a significant amount of new data. This is a costly and time-
consuming process. The adopted stair detection method initially
uses a support vector machine (SVM) to establish initial bound-
ary conditions using an existing dataset. If the trained model does
not satisfy the desired detection performance, these boundary
conditions can be modified by a relatively small amount. This
method is computationally efficient and fast, and it is, therefore,

Fig. 20. Stair detection procedure using an interpretable classification model;
reillustrated from [64].

Fig. 21. Strategy for autonomous navigation toward the detected staircase
using two sequential steps: following a path generated by the move base package
(Path 1) and switching to visual servoing for real-time vision-based control (Path
2) for precise steering.

Fig. 22. Control scheme for visual servoing for steering the robot toward the
staircase within close proximity.

well suited for embedded mobile robotic applications. This stair
detection algorithm is briefly reviewed here.

Fig. 20 illustrates the three steps for stair detection, given
RGB-D data: 1) defining regions of interest (ROIs) using the
preprocessed RGB image; 2) extracting three features [i.e., esti-
mated gradient (m), continuity factor (γ), and deviation cost (β)]
from the depth data collected from the vertical middle line within
individual ROIs; and 3) establishing an interpretable model for
stair detection. The three features representing the characteristic
of a staircase are inputted to the interpretable classification
model to determine whether the image has a staircase or not.
The evaluation performed in comparisons with an SVM-based
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method [68] and You Look Only Once [70] show that the adopted
method is comparable or better in stair detection performance
while requiring less computational time and cost [64].

C. Stair Navigation Algorithm

Stair detection returns the position of the detected staircase,
given by 
ps = (xs, ys, zs)

T , which is the Cartesian coordinate
of the center of the ROI with the detected staircase with respect
to the reference frame fixed at robot’s starting location. The
pixel coordinate, (cols, rows), is the column and row positions
of the ROI relative to the upper left corner of the image as
shown in Fig. 22. Upon detection of a staircase, the ROS move
base package generates a path using 
ps as the goal point to
initialize the process. However, the localization accuracy can
be affected by errors in the navigation system. For example,
odometry calculations in robots with passively transformable
wheels, such as α-WaLTR, are prone to errors. Another issue is
the noise in the sensor data. In our case, inaccuracies in the depth
measurements can result in an incorrect goal location. The depth
data become more accurate as the robot gets closer to the stairs.
This means that the robot can continuously update 
ps in real time
for generating updated paths. However, such a strategy requires
significant processing time, causing delay. To address this, we
implemented a sequential process of autonomous navigation
toward the stairs. First, the robot follows the move base control
command using the initial goal point 
ps until the depth data
returns the distance between the robot and the staircase is about
3 m (Path 1 in Fig. 21). Second, the robot switches its control
strategy to visual servoing, which utilizes the pixel coordinates
(cols, rows) for steering the robot toward the staircase (Path 2 in
Fig. 21).

The linear and angular velocity commands for visual servoing
(ux, uyaw) are given by

ux = ūx; uyaw = −Kyaw(cols,ref − cols) (12)

where ūx is a constant linear velocity command,Kyaw is a control
gain for uyaw, cols,ref is the reference column position, and cols
is the current column position of the stair on the image plane.
In (12), the robot’s yaw angle is controlled to match cols,ref to
cols. Fig. 22 shows the image from the robot’s view. We used
cols,ref =

Wimg

2 , where Wimg is the image width. In this view, the
ROI on the staircase is located on the right from cols,ref, and
thus, the robot is controlled to rotate in the clockwise direction.
“No control region” is defined to avoid sensitive control. The
range of “no control region” is from Wimg

2 − 50 to Wimg

2 + 50. If
cols is within this region, uyaw = 0. Once the robot reaches the
entrance of the staircase, it triggers the stair climbing algorithm,
which is described below.

D. Autonomous Stair Climbing Algorithm

The presented algorithm enables autonomous stair climbing
via wall tracing when there exists a wall(s) on one or both
sides. It can be used for various staircases, including straight,
L-shape, or U-shape staircases. The robot uses the laser data
to trace the position and orientation of itself relative to the
wall(s). It then controls the motors to keep itself aligned with the

Fig. 23. (a)–(f) Gazebo simulation developed for U-shaped staircases replicat-
ing a physical environment and situations that α-WaLTR needs to tackle when
climbing up the staircases using the presented algorithm.

walls, maintaining a certain distance. When the robot reaches
the landing floor, the robot may return to the ground floor
using the same algorithm. The pseudo algorithm for this is
provided in Algorithm 1, with the following notations: 1) d is the
width of staircase; 2) State 0: ready to start next stair segment;
3) State 1: on a stair segment with double walls; 4) State 2: on a
stair segment with single wall; 5) State 3: rotating toward next
stair segment; and 6) State 4: finished stair climbing. Waiting for
further commands. This algorithm simulated in Gazebo is shown
in Fig. 23. A simulation environment was created based on the
actual staircase we used for physical demonstration shown in
Fig. 24 [see Fig. 23(a)]. The white dots in Fig. 23(b) represent
the raw data collected by LiDAR, and the red lines indicate the
extracted line segments [62]. Fig. 23(c)–(f) shows the climbing
process and corresponding sensor data at each step.

This algorithm was developed for applications with expected
environmental conditions. For stairs without walls, a different
method may be adopted. For example, the stair climbing al-
gorithm in [71] estimates the robot’s heading angle from the
information of stair edges obtained by RGB image processing
and IMU. The robot controls its heading angle using this esti-
mation while climbing a staircase. However, the performance
of image processing may be affected by lighting conditions and
other external factors (e.g., blurry images taken onboard while
moving). When the staircase has a wall, the presented algorithm
is expected to be more computationally efficient and robust, as
it solely relies on laser data.

E. Physical Demonstration

We usedα-WaLTR equipped with the Design III (R = 0.095)
for system-level integration and physical demonstration of the
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Fig. 24. Time-lapse sequence images from two separate trials of stair climbing on a U-shaped double staircase [see Fig. 23(a)] using the embedded algorithm
presented in the Appendix.

Fig. 25. Autonomous stair detection, navigation, and climbing. (a) Once the robot is near a staircase, it uses visual servoing to move toward the detected staircase.
(b) Integrated demonstration of stair navigation and climbing in time lapse sequence.

embedded autonomous functions. The selected environment was
a U-shaped double staircase with a 0.18-m raise and 0.29-m
tread width, consisting of two sets of double-walled stairs con-
nected with a U-shaped landing floor. For onboard real-time
autonomous navigation, a simple algorithm that utilizes LiDAR
for real-time navigation on staircases was developed and imple-
mented. The robot can be initially positioned in any direction. If
the robot approaches stairs facing backward, it first turns around
to utilize the legged mode while climbing; otherwise, it proceeds
to the staircase. The 2-D LiDAR scans the walls and controls
the drive system to align the robot in between the two walls
while moving forward by autonomously adjusting its heading
direction. When the robot reaches the landing floor, it determines
the turning direction by examining the surrounding walls and
navigates through the corners to find the next staircase.

The successful traversal rate using this algorithm was over
90% out of 20 trials. Too large of an offset at the heading
angle resulted in the robot failing to adjust its orientation while
traversing. We also experienced occasional hardware issues such
as disconnected cables. Fig. 24 shows the time-lapse sequence
images from two successful runs. Fig. 25 shows physical demon-
stration of the entire sequence of autonomous stair detection,
navigation, and climbing. On the far left in Fig. 25(a), the
robot’s view shows the detected staircase, which governs the
local navigation. Fig. 25(b) shows the time lapse sequence of the
visual-based navigation followed by autonomous stair climbing.

VIII. CONCLUSION AND DISCUSSION

In this article, we presented an optimal design methodology,
locomotion simulator, hardware development, physical experi-
ments, and demonstration of a novel mobile robotic platform,
α-WaLTR. The robot’s versatile locomotion capabilities were
enabled by passively transformable wheels that can transition
from wheels to legs (and vice versa) based on the driving
direction and environmental conditions. α-WaLTR is one of
the largest mobile platforms equipped with passively trans-
formable wheels. The multiobjective optimization analysis pre-
sented in this article allows the designer to select upper level
design variables considering application-specific constraints.
The developed Unity-based simulator enables comprehensive
and comparative analyses among varying design options, es-
pecially when 1) the searching scopes for individual variables
are large and 2) conventional optimization techniques are not
applicable. The simulation results were closely aligned with the
experimental outcomes, showing the potential of this simulator
for predicting physical locomotion performance. This simulator
can significantly reduce development time and cost for such
robots. The system-level integration was demonstrated by the
robot autonomously climbing over a staircase using a simple
wall-tracing algorithm.

The spring–suspension mechanism newly introduced to the
wheel design resulted in a meaningful reduction in overall vibra-
tions. The torsional springs encased in individual leg segments
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Algorithm 1: Stair Traversing Algorithm.
1: Reach the entrance of staircase and face toward the first

stair segment
2: state = 0
3: for Every time step do
4: if state == 0 then
5: if Detects double-side walls then
6: Start tracking both walls
7: state = 1
8: else if Detects only one wall on left/right side then
9: Start tracking this wall

10: state = 2
11: else
12: state = −1
13: end if
14: end if
15: while state == 1 or state == 2 do
16: Go forward/upward, while maintaining reasonable
17: relative orientation and position w.r.t. the two walls
18: [see Fig. 23(c)]/single wall [see Fig. 23(e)] being

tracked
19: ifDetects a wall in front within d/2 then
20: Start tracking this wall, determine rotation
21: direction toward next stair segment.
22: state = 3
23: else if Surpassed the walls/wall being tracked,

cannot detect wall in front within d then
24: state = 4
25: end if
26: end while
27: while state == 3 do
28: Rotate toward next stair segment [see Fig. 23(d)]
29: if The wall being tracked is parallel to the orientation

of robot then
30: state = 0 [see Fig. 23(f)]
31: end if
32: end while
33: while state == 4 do
34: Stair climbing accomplished.
35: end while
36: end for

kept the design simple and modular. This feature becomes more
useful in the design with a small nleg, where the entire body
would suffer from more significant shocks while walking than
the one with a small nleg. With a larger nleg, the walking behav-
ior is much smoother, and the original WheeLeR mechanism
without the springs can be used. A conventional spring–damper
mechanism commonly adopted in cars and mobile robots may
replace this spring-only mechanism for more effective shock
absorption and improved long-term durability, especially for a
larger platform. However, this design would increase the overall
structural complexity. The rubber sheets attached to the wheels
to increase friction may be replaced with properly designed tires
for better shock absorption. Custom tires for individual legs

may be designed and fabricated via 3-D printing or molding
and casting.

The current platform has a maximum speed of 0.3 m/s. This
speed may be acceptable for many applications but not for high-
speed operations. α-WaLTR requires relatively high-torque mo-
tors compared to a conventional wheeled robot counterpart.
The developed robots are intended to operate as part of a large
swarm system, where individual robots are relatively small and
inexpensive while satisfying locomotion objectives to operate in
urban environments (e.g., traversing rough terrains and stairs).
The presented wheel mechanism is simple and modular to
accommodate easy maintenance, repair, and replacement when
needed. We used low-cost off-the-shelf motors with high torque
and low speed in the presented platform. Increasing the speed
limit without sacrificing the torque typically increases the size
and weight of the motor, creating a tradeoff to consider. For
example, a lightweight robot may be equipped with high-speed
low-torque motors with reduced payload for agile locomotion.

WheeLeR is designed to roll in the wheel configuration on
flat smooth surfaces and transform into the legged configuration
when traversing rough terrains or overcoming obstacles. How-
ever, its passive nature does not allow the accurate prediction
of the transformation. Our current control strategy relies on the
assumption that the robot moves with the closed wheels on flat
surfaces and, thus, utilizes an extensive body of existing research
outcomes on wheeled robot control. However, the robot cannot
avoid occasional wheel-leg transformation in some wheels, es-
pecially when it makes a sharp turn. In this case, it deviates from
the planned trajectory (which assumed wheeled locomotion).
On rough surfaces or when traversing stairs or other obstacles,
path planning based on the wheeled robot kinematics cannot
accurately predict the actual trajectory of the robot. To control
the robot’s moving trajectory precisely, we must consider the
differential drive kinematic model of the robot equipped with
WheeLeRs and methods for detecting the configuration (open
versus closed) of individual wheels. The kinematic model may
account for the flexibility of the tire materials and kinematic
constraints to develop tailored motion control strategies, as
described in [74]. In this work, the violation of kinematics is
modeled as a lump parameter [74]. To apply this strategy, an
observer will need to estimate the lump parameter in real time.
As we expect the robot to move in the legged locomotion on
rough irregular terrains, the actual motions of individual wheels
and the robot are hard to model. The kinematic model of the
terrain itself may need to be developed together with the wheel
and robot models [75]. The current control system is based on
the move base package in the ROS combined with a set of
custom-developed algorithms to compensate for the deviation
from the planned path at each waypoint and to continuously
update its local pathway. The embedded local obstacle avoidance
algorithm allows the robot to detour around the nontraversable
obstacles while following the trajectory.
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