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Abstract—This paper reports on the design, integration, and per-
formance evaluation of a novel four-leg/four-wheel transformable
mobile robot, Quattroped. In contrast to most hybrid platforms that
have separate mechanisms and actuators for wheels and legs, this
robot is implemented with a unique transformation mechanism
that directly switches the morphology of the driving mechanism
between the wheels (i.e., a full circle) and 2 degrees of freedom leg
(i.e., combining two half circles as a leg), so that the same system
of actuation power can be efficiently utilized in both wheeled and
legged modes. The design process, mechatronics, software infras-
tructure, behavioral development, and leg—wheel dynamic charac-
teristics are described. The performance of the robot is evaluated in
various scenarios, including driving and turning in wheeled mode,
driving, step and bar crossing, irregular terrain passing, and stair
climbing in legged mode. Taking advantage of the leg—wheel com-
bination on a single platform, the comparison of the wheeled and
legged locomotion is also discussed.

Index Terms—ILeg, locomotion, mobile robot, transformable,
wheel.

I. INTRODUCTION

EGS and wheels are two widely adopted methodologies
L utilized by ground locomotion platforms. After a long evo-
lution, legs appeared on most ground animals, and these agile
and robust legs became capable of allowing animals to move
smoothly and rapidly over uneven terrain. With the appearance
of various advanced mechatronic components, building bioin-
spired robots becomes feasible [1], [2], and legged robotics has
recently received significant attention [3]—[5]. Wheels, on the
other hand, are human inventions specialized for locomotion on
flat ground; their excellent performance, efficiency, and smooth
traveling at a high speed on flat ground sets a standard that
can hardly be bested by legged locomotion. Thus, a leg—wheel
hybrid platform with great mobility on both flat ground (via
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wheels) and rough terrain (with legs) seems to be an adequate
combination of a mobile platform suitable for general indoor—
outdoor and flat-rough environments.

Leg—wheel hybrid mobile platforms can generally be cate-
gorized according to their morphology [6]. Popular categories
include “articulated-wheeled” robots, where the robots usually
combine active or passive wheels on the feet of the articulated
legs. For example, the quadruped Roller Walker has passive
wheels on the feet of 3-degree-of-freedom (DOF) legs, so its
locomotion can be switched from walking to roller skating on
flat ground [7]. The quadruped Paw [8], by having four ac-
tive wheels on the distal ends of its compliant legs, has better
mobility on flat ground. The robot Octal Wheel has a special
wheel-arm mechanism that is composed of an arm with two
wheels mounted on each side, and the robot is capable of climb-
ing over obstacles such as stairs [9]. A similar mechanism is
adopted by the robot HANZO as well [10]. Loper climbs stairs
by rotating four Tri-lobe wheels [11]. The robots Epi.q-1 and
Epi.g-2 have three wheels mounted on the rotatable and re-
tractable wheel-arm mechanism on each leg—wheel, thereby
increasing the ability for rough terrain negotiation [12]. Shrimp
Rover has a special mechanism design that combines wheels
and self-adjustable linkages to maintain a suitable body posture
and increase its mobility over stairs and uneven terrain [13].
Similar strategy can also be found in Hylos [14].

Another popular category is “leg—wheel separated” robots,
where the robots have both legs and wheels mounted on the
body, and its motion is generated by collaboration of these two
mechanisms. For example, Chariot III has two big wheels and
four 3-DOF legs [15]. Wheeleg has two pneumatically actuated
3-DOF front legs and two independently driven rear wheels [16].
Other morphologies are also proposed by researchers. For ex-
ample, Whegs has four 3-spoke wheels without rims, and it per-
forms well on both flat and rough terrain [17]. Impass has sim-
ilar “rimless” wheels, whose spokes can actively change their
lengths to maintain posture and stability while climbing obsta-
cles [18]. The hexapod RHex with 1 active rotational DOF on
each half-circle leg can easily generate various legged behaviors
via open-loop control [19]. The planar robot Rolling Disk Biped
(RDB) can walk and roll by overall morphology change [20].
A similar morphology is utilized as the leg—wheel module on
a hybrid robot [21]. PEOPLER-II has two bars mounted on
each of the four wheels, and locomotion can be switched be-
tween leg type and wheel type [22]. In addition, some robots
utilize tracks [23] or hybridize them with the legs or wheels
to generate robust locomotion on rough ground, for example,
Azimut [6].

Here, we adopt a different methodology and design a four-
leg/four-wheel transformable mobile robot, Quattroped, as
shown in Fig. 1. The robot is neither “articulated-wheeled” nor
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Fig. 1.
(b) wheeled mode.

Leg—wheel transformable robot, Quattroped: (a) legged mode and

“leg—wheel separated,” but is equipped with a “transformation
mechanism” capable of directly switching the morphology of
a wheel (i.e., a full circle) into a leg (i.e., combining two half
circles as a leg) and vice versa. Using carefully arranged ac-
tuators, the robot can be driven by the same set of motors in
both wheeled mode (i.e., the wheel moves in 1-DOF rotational
motion) and legged mode (i.e., the leg moves in 2-DOF planar
motion), to enjoy the advantages of wheels on flat ground and
employ the mobility of legs on rough terrain. It might be pos-
sible in the future to explore dynamic quadruped locomotion
such as galloping [24]. To the best of our knowledge, this paper
presents the first design and realization of four-leg/four-wheel
transformable mobile robot.

Section II introduces the design concept of this robot, which
is then followed by Section III that describes the leg—wheel
transformation mechanism in detail. Section IV briefly outlines
the robot mechatronics and software infrastructure. Section V
introduces the robot development on the behavioral aspect, and
Section VI reports on the experimental evaluation of the robot.
Section VII concludes the paper.

II. DESIGN CONCEPT

The key component of this leg—wheel transformable robot is
the “transformation mechanism” that is capable of deforming
a specific portion of the body to act either as a wheel or a
leg. This portion is hereafter referred to as “leg—wheel.” From
a geometric point of view, a wheel usually has a circular rim
and a rotational axis located at the center of the rim. The rim
contacts the ground, and the rotational axis connects to the body
at a point hereafter referred to as a “hip” joint, as shown in
Fig. 2(a). In general wheeled locomotion on flat ground, the
wheel rotates continuously, and the ground-contact point of the
wheel is located directly below the hip joint at a fixed distance
(i.e., radius of the circular rim). On the other hand, in legged
locomotion, the leg usually moves in a periodic manner, and
there is no specific geometrical configuration between the hip
joint and the ground-contact point; hence, their relative position
varies frequently and periodically during locomotion. Based on
this observation, shifting the hip joint out of the center of the
circular rim and changing the continuous rotation motion to
other motion patterns implies transforming of the locomotion
from wheeled to legged mode. This inspired us to design a
mechanism that is capable of directly controlling the relative
position of the circular rim with respect to the hip joint, such
that both wheeled and legged motions can be generated. Since
the circular rim itself is a 2-D object, the straightforward method
to achieve this goal is to add a second DOF that can adjust the
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relative position of the hip joint to the center of the circular rim
along the radial direction. The motions of these two DOFs in
this arrangement are also orthogonal to each other.

The mass and inertia of the leg as well as its given geometri-
cal configuration strongly affect the functionality and agility of
the legged motion. To decrease the inertia of the moving rim,
the rim is supported by a single spoke, which also acts as the
housing for the hip joint to slide within. To reduce the space
taken by the rim, the rim is folded into half in the legged mode.
Hereafter, it is referred to as the “half-circle leg,” similar to the
legs on the second generation of RHex in the sense of geometry.
However, the compliant property is quite different: The legs of
RHex are compliant, while those of this robot are rigid. Rim
rigidity is important for wheeled locomotion, since a springy
wheel may yield unsmooth locomotion. With active rotation
of the circular rim and active translation along with the radial
direction of the hip, the leg itself is equivalent to a 2-DOF sys-
tem that has motions along two principal axes according to the
polar coordinate in the sagittal plane depicted in Fig. 2(b). Com-
pared to RHex with only one active rotational DOF per leg [19],
the 2-DOF structure of the proposed system is more compli-
cated but it greatly increases the freedom to adjust the robot
posture and leg ground-contact timings, thereby providing the
opportunity to explore different behavioral subspaces with fewer
constraints.

The general four-wheel methodology of the wheeled plat-
form is adopted in the robot design shown in Fig. 2(a), and
the locomotion behavior of this robot is similar to that of four-
wheel-drive vehicles. The distance between the hip joint and the
rim is fixed at a value equal to the radius of the rim, and the ac-
tive rotational DOF at the hip joint rotates the rim clockwise or
counterclockwise, thus driving the robot forward or backward.
The front wheels can be steered to achieve turning motion ac-
cording to the Ackermann steering geometry shown in Fig. 2(c),
where the centers of the radii of all the four wheels coincide at
a single point C, the center of turning, on the extended line of
the hind hip axis.

In legged mode, where the circular rims are folded in half
and the hip joints are shifted close to the rims, the platform is
transformed into a quadruped robot, as shown in Fig. 2(b). The
length change of the leg is achieved by changing the position of
the hip joint in the spoke, and swing of the leg is driven by the
active rotational joint at the hip. The legged mode is designed
for the robot to be capable of crossing various uneven surfaces,
such as steps, bars, stairs, natural terrain, etc.

Note that all four leg—wheels are controlled individually;
therefore, each leg—wheel can be independently operated in ei-
ther wheeled or legged mode. However, the robot is currently set
to operate exclusively in one mode or the other, since legs and
wheels are advantageous in two distinct environments. When
the robot moves on even surfaces, the wheeled mode is adopted
since it can provide smooth, high-speed, and power-efficient lo-
comotion. In contrast, when the robot moves on rough terrain,
the legged mode is utilized for obstacle negotiation. If the leg—
wheels are not used solely for locomotion but for some other
tasks such as manipulation, a combination of the two may be
desired.
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III. LEG-WHEEL TRANSFORMATION MECHANISM

Switching between wheeled and legged modes of this trans-
formable mobile robot is achieved by the transformation mecha-
nism that includes a 2-DOF driving mechanism and a leg—wheel
switching mechanism.

The 2-DOF driving mechanism provides two active motions
on the leg—wheel component—rotation and translation of the
spoke, with respect to the hip joint. If the hip joint is defined
as the origin of the coordinate, the 2-DOF mechanism is indeed
driving the spoke according to the polar coordinate. The rota-
tional DOF of the spoke, which is equivalent to 6, is driven by
the rotational motion of the square sleeve shown in Fig. 3(a),
which is further driven by motor 1 with a belt transmission
system comprising two pulleys and a timing belt without speed
reduction. The rotation axis of the square sleeve is the axis of the
hip joint. The translational DOF of the spoke, which is equiva-
lent to 7, is generated by the sliding motion between the spoke
and the square sleeve. As shown in Fig. 3(b), the relative motion
is provided by a rack—pinion mechanism, with the former fixed
on the spoke and the latter mounted on the body and driven di-
rectly by motor 2. As a result, the kinematic mapping between
the inputs (i.e., motor speeds 7 = [ c,bg]T) and the outputs
(i.e., leg motion 87 = [ 6]T) can be derived as

G e el &

: = J¢ 1
6 10| |¢s ¥ (

where a, which is the radius of the pinion, determines the speed
ratio from rotational to translational motion. The matrix relat-
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Drawings of the robot: (a) detailed geometric illustration of the wheel, (b) detailed geometric illustration of the leg, (c) the Ackermann steering geometry,
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Fig.3. Two-DOF driving mechanism: (a) rotational DOF and (b) translational
DOE.

ing the motor inputs ¢ to the joint trajectories 6, as shown
in (1), is not singular; therefore, the inverse mapping can be
uniquely derived. When the robot operates in wheeled mode,
the hip joint must coincide with the center of the rim and the
wheel radius should be fixed. Thus, according to (1), both motors
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TABLE I
ROBOT SPECIFICATIONS
Length Body 0.6m
Hip-to-hip 0.445 m
Width Body 0.19 m
Leg-to-leg 0.4l m
Height Body 0.14m
Standing (wheeled mode) 0.195m
Standing (legged mode) 0.26 m
Ground clearance (legged mode) 0.16 m
Leg-wheel (i.e., rim) diameter 0.215m
Weight Total 12.2 kg
Body 8.27 kg
Leg-wheel (each) 0.38 kg
Battery 1.7kg
Inertia Leg 3.99x107 kg-m®
Wheel 5.23x10° kg-m®
Actuator  Driving 60W DC motor (x8)
Turning (wheeled mode) RC servo (x2)
Leg-wheel transformation RC servo (x4)
1W DC motor (x4)
Sensors Encoder (x8)
Hall-effect (x8)
Temperature sensor (x17)
Battery current measurement (x1)
Battery voltage measurement x1)
6-axis IMU x1)
2-axis inclinometer (x1)
IR ranger (x6)

are required to rotate at the same speed and direction, to yield
7= a(¢1 — ¢2) = 0. Similarly, when the robot is operating in
legged mode, because both 7 and 6 change frequently and peri-
odically to create leg-like motion, both the motors are required
to rotate as well. If the translational and rotational DOFs are
independently driven by one motor each, then in wheeled mode,
the motor for translational DOF should be operated in stall mode
with no velocity. In this case, the motor draws a huge current
and generates a significant amount of heat. In contrast, both
motors used in the reported differential-drive-like mechanism
are required to rotate, no matter the robot is operated in either
wheeled or legged mode, which avoids stall-mode operation and
potential problems of current overload and heat generation. In
addition to the aforementioned feature, this design with mo-
tors on the body has two other advantages over the serial-link
design:

1) It significantly reduces the weight and inertia of the leg,
which further improves dynamic and control characteris-
tics of the leg. The inertia of the leg—wheel in legged mode
is even less than that in wheeled mode (i.e., 75%, as given
in Table I).

2) It avoids the use of a slip ring to transmit power and
control signals to the motor that drives the second link
(i.e.,  DOF).

The leg—wheel switching mechanism alters the shape of the

circular rim. This rim consists of two half-circle rims: one is
rigidly mounted on the spoke, and the other is connected to
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the output shaft of a small dc motor with a gearbox, which is
installed inside the spoke, as shown in Fig. 2(d). By providing
power to the dc motor, the latter rim can rotate with a range
of 180° and switch the shape of the overall leg—wheel between
one full-circle rim (wheeled mode) and two half-circle rims
(legged mode). The gearbox is not back-drivable; therefore, the
configuration of the movable rim can be adequately maintained
even without power input to the motor. In contrast to using
motor position control to maintain the leg—wheel configuration,
this method is preferred since the dc motor is powered only
during leg—wheel switching, reducing power consumption.

It is not feasible to drive the small dc motor by directly
deploying a hard wire from the robot’s body to the spoke since
the leg—wheel may rotate continuously. Because physical space
around the hip area is mostly taken up by the transmission
mechanism, no space is left for installing a slip ring. Therefore,
an RC servo and a connector pair, as shown in Fig. 2(d), are
utilized. The female connector is rigidly mounted on the spoke,
and the male connector, which is mounted on the top of the RC
servo, is movable. When leg—wheel switching is performed,
the male connector is rotated to connect the female connector,
where power is transmitted from the robot body to the dc motor.
In other robot operations, the male connector is set on the side,
i.e., away from the workspace of the rotating spoke, to avoid
collision. The direction in which the movable rim rotates (i.e.,
leg-to-wheel or wheel-to-leg switching) is determined by how
the connectors connect to each other. As shown in Fig. 2(d),
the female connector has three pins and the male connector has
two pins. Positioning the spoke higher or lower with respect to
the RC servo determines how either the upper or the lower two
pins of the female connector contact the male connector, which
further determines the rotation direction of the dc motor. This
contact adjustment is easily achieved by utilizing the existing
translational motion of the spoke (i.e., » DOF) without addition
of extra motors. In our current design, leg—wheel switching is
set to operate when the robot sits on the ground, so the rim of the
leg—wheel is moved in the air without any heavy load applied
to it. Thus, its motion can be actuated by a low-power and
compact actuator with a simple time-based open-loop control.

IV. ROBOT INFRASTRUCTURE

The essential specifications are summarized in Table I. The
main computation power on the robot is a 400-MHz real-time
embedded control system (cRIO-9014, National Instruments)
operating at a 1-kHz loop rate, together with a 3M gates field-
programmable-gate-array (FPGA) embedded chassis (cRIO-
9104) for high-speed signal exchange, such as a proportional—
integral—-derivative (PID) control for the dc motors, encoder
readings, and pulsewidth modulation (PWM)-based RC servo
commands. The microprocessor, running in a real-time operat-
ing system, communicates with the remote operator through an
802.11b wireless standard for high-level driving commands and
robot health status. The FPGA directly connects to analog I/0
(NI 9205 and NI 9264) and digital I/O (NI 9401 and NI 9403)
modules, which further connect to various sensors and actuators
on the robot.
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Fig. 4. Behaviors of the robot: text in dash-dotted brown, dashed orange, and
solid green boxes indicate configuration setup, transient modes, and operation
modes, respectively.

The robot is programmed with various state machines. Each
state represents one particular operating behavior of the robot.
The feasible behavior switching is shown in Fig. 4. Calibration
is the procedure to find the absolute geometric configurations of
two active DOFs on each leg—wheel with respect to the robot,
which only needs to operate once immediately after the robot
is powered on. Switching is the mode that changes the shape of
the leg—wheel from wheel to leg and vice versa. The arrow in-
dicates the possible modes that can be switched to and from the
current mode. Currently, some mode transitions are automatic
and some are done manually by a remote operator. For exam-
ple, the robot can automatically switch to stair climbing gait
or step/bar crossing gait when it confronts these environments.
On the other hand, leg—wheel switching or walk—trot switch-
ing are done manually. The fully autonomous mode switching
requires the robot to understand the environment at a recogni-
tion level. An accurate environment recognition system is under
development.

V. BEHAVIORAL DEVELOPMENT

For the robot moving in wheeled mode, trajectory planning
of the two active DOFs on each hip is straightforward. Instead
of using velocity control, the operation of wheeled mode in
this robot requires accurate positioning of the leg—wheel con-
figuration. Thus, position state is adopted as tracking target
6" (t) = [r(t) 6(t)]". As shown in Fig. 2(a), r (t) should re-
main at a value equal to the radius of the leg—wheel, and deriva-
tive of 6 (¢) directly determines the wheel’s rotational speed.
For forward and backward locomotion, 6 (¢)s of all four wheels
should be the same. For turning locomotion, the 6 (t)s of all the
four wheels are no longer the same but their derivatives should
be coordinated according to the Ackermann steering geometry

cotd; — cotd, = lil )

fh

where 9; and J, represent the turning angles of the inner and
outer wheels, respectively, and [, and lg,, respectively, represent
the distances between the right-left and fore—hind wheels, as
shown in Fig. 2(c). After determining the incremental change of
0, the joint trajectories ! (t) = [p1(t) ¢2(t)] can then be
calculated by integration of inverse mapping shown in (1).

For the robot moving in legged mode, the trajectory planning
of O requires further development. Fig. 5(a) plots the leg’s for-
ward motion in the sagittal plane based on the assumption that

no ground-contact slippage is happening. Because of the half-
circle geometry, the motion of the leg on the ground is hybrid,
where the leg performs rolling motion first, and then followed by
motion with a fixed contact point. Thus, given a designated hip-
to-ground-contact position vector R. = (¢, ¢, ) with the hip’s
coordinates as the origin, the inverse mapping from the work
space (i.e., vector R,) to the joint space 8 has two cases. While
the leg moves with a fixed contact point (i.e., ¢ > 0), as shown
in Fig. 5(b), the inverse mapping is straightforward

0= g —atan2(R,)

r= 2rur - HRCH2 (3)

where r,,, || R||2, a tan2(R,) represent the radius of the wheel,
Ly norm of vector R, and four-quadrant arctangent function,
respectively. On the other hand, while the leg rolls on the ground
(i.e, 6 < 0), the inverse mapping is given by

s h, —r
=" ftan "t (—="" ) it £,
g T tan <hz—ox(7r—9)>’ if he 7 7
P ifh, =r, @
7’1”

r= ||Rw + R, — ROHQ

where || Ry |l2 = 7w, Ry = (he, ), Ry = (04,7y), and o, de-
note the horizontal rolling distance from a designated config-
uration shown in Fig. 5(d). Note that R, and R, are position
vectors starting from a specific leg configuration, as shown in
Fig 5(a) and (d). Because of the involved trigonometric function,
there is no straightforward analytical solution. Thus, the inverse
kinematic in the real-time application is calculated based on the
differential motions. Without loss of generality, assuming that
the vectors Ry (;) at time stamp ¢ are known, the differential
motion to the next time stamp ¢ + 1, as shown in Fig. 5(c), is

df = dRy, sin (7/2 — 0+ ) / (| Re ||y sin (6 — o + 7/2))
dr = dRy sin (¢ — p) /sin(0 — ¢ + 7/2). 5)

With the given initial condition, the leg configuration @ in the
rolling period can be continuously derived.

The 2-DOF driving mechanism of each leg provides the free-
dom to locate the hip joint (a hollow red dot) between the aerial
phase (blue solid line) and stance phase (green solid line), as
shown in Fig. 5(a). During the stance phase where the leg sup-
ports the body, intuitively planning the hip trajectory to move
along with a horizontal line segment with fixed height /., seems
to yield the minimum alternation of body orientation, which
further prevents energy from being consumed for periodic pose
changes. During the aerial phase where the leg moves in the air
to prepare for the next touchdown, assuming no leg dynamics
involved, the hip trajectory is still a horizontal line segment be-
cause at that instant the body is supported by the other legs in
stance phase.

The basic trajectory planning for walk and trot gaits are de-
rived based on the rules described in the previous paragraph.
In the stance phase, the motion along with the forward di-
rection x (t) is planned by a fifth-order polynomial with six
given boundary conditions, including positions, velocities, and
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(d)

Leg motion and kinematics: (a) hybrid motion of the half-circle leg on smooth ground, (b) point-contact motion, and (c), (d) rolling motion.

trot.

accelerations of the initial and final positions of the stance phase.
The motion in the vertical direction z (t) is set constant, as
described. The forward velocity is set constant as well. With
designed x (t) = (x (t), 2 (t)), the leg trajectories O(t) in the
stance phase can then be calculated based on the inverse kine-
matics shown in (3) and (5). Because the leg trajectories in the
aerial phase can be freely designed, they are directly planned
in joint space 6(t) to have a smooth transition from and to the
stance phase without utilizing inverse kinematics. Fig. 6 shows
joint trajectories when the robot moves in a typical two-beat
trot, where the duty cycle of each leg is set at 60% and the two
sets of diagonal legs have a 180° phase shift. On the other hand,
the leg in typical four-beat walk gait has a 75% duty cycle and
90° phase shift implemented among the legs, so that the robot
body is supported by three legs at every moment during loco-
motion. After the leg trajectories 0(t) are determined, the joint
trajectories () can then be calculated according to (1). One of
the merits of legged locomotion is its ability to negotiate rough
terrain. In contrast to most legged robots with a swing recovery
phase, a robot utilizing full-turn rotating recovery can negotiate
taller obstacles via normal walk or trot gaits. This strategy is
bioinspired from observing a cockroach’s step-crossing behav-
ior, whereby it swings the front legs on top of an obstacle and
lifts its body while crossing the obstacle [25], [26]. In addition,
the tire treads mounted on the surface of the leg act like the
spines on an animal’s legs to latch onto small asperities (bumps
or pits) on the surface [27], increasing traction. With these de-
signs, the robot can cross a step or bar of various heights by
simple open-loop control strategies.

The designed behavior should be investigated regardless of
whether the associated joint trajectory can be generated by the
empirical system. This evaluation requires the dynamic model
of the robot. The Appendix briefly describes the mathematical
relation of the motor supplying voltage to the body state of the
robot. By importing the desired leg—wheel trajectories to (7)—
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Fig. 7. Operation trajectories of motors when the robot operates with several

forward velocities in the (a) wheeled mode and (b) legged mode. The dashed-
dotted parallelograms represent the continuous operating zone of the motor.

(14), we are able to check whether the trajectories are within the
working zone of the motors. To quantitatively and fairly com-
pare the dynamic characteristics of the robot locomotion in the
wheeled and legged modes, the developed trajectories shown in
the previous paragraphs are imported into equations for eval-
uation, and the robot in both modes is set to have the same
forward velocity and to fix its center of mass (COM) vertical
height during locomotion. Fig. 7(a) and (b) shows the operation
trajectories of the motors while the robot, respectively, operates
in wheeled and legged modes with several preset forward ve-
locities. The dashed-dotted parallelogram represents the motor
continuous operation zone with given nominal voltages (i.e.,
equal to the voltage of the battery) [28]. In the wheeled case
shown in Fig. 7(a), although the forward velocity of the robot
is set constant, the offset COM of the leg—wheel results in the
variation of motor torques spanning in both positive and nega-
tive works. This happens even though the motors are generally
in low load since the operation trajectories are far from the
boundary. In the legged case, the motors in contrast are under
a much heavier load than in the wheeled case. The solid and
dotted curves represent the operation trajectories while the leg
is in stance phase and then in aerial phase. As shown in Fig. 6,
the aerial phase uses less than half the time of the stance phase,
but the spanning angle is around five times that of the stance
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Fig. 8.  Plots of (a) power and (b) specific resistance versus forward speed of the robot operated in various scenarios.

phase. Therefore, the required motor speeds and torques are
much more dramatic than those in the stance phase. When the
preset forward velocity of the robot is V' = 0.6 m/s, the motors
may operate slightly over the maximum achievable condition
in a short duration. When this happens, PD control may yield
larger error. Even though, the simulation suggests that the pre-
set leg trajectories are feasible since almost all the trajectories
are in the rhombus zone. Note that the dynamic models shown
in (7)—(14) do not include the mechanical transmission loss. In
addition, the trajectory control also requires extra torque avail-
able for regulation. Thus, we empirically found that the speed
V =0.6m/s is the maximum achievable speed of the robot
in legged mode under current trajectory design. More detailed
results are reported in Section VI. Fig. 7 also reveals that the
operation trajectories of both motors in wheeled mode are simi-
lar. In contrast, in legged mode, motor 1 has more dramatic load
than that of motor 2, which further indicates that the required
torque (73,) is the dominant factor and the effect of the radial
force (f),) variation is unimportant. This is mainly due to the
fact that the lengths of moment arms in these two axes are sig-
nificantly different, where the detailed description is reported in
Section VI.

VI. PERFORMANCE EVALUATION AND DISCUSSION

Wheeled locomotion and legged locomotion have signifi-
cantly different characteristics. In the former, interaction with
the ground is smooth and continuous. In contrast, legged lo-
comotion is generally varying and intermittent. In contrast to
most of the hybrid robots that extend the original leg and wheel
functions in a mixed manner, our paper tries to maintain the
original advantages of legs and wheels by incorporating both

the functions in one robot. Furthermore, by utilizing the same
power source and transmission system, this platform provides
an unusual opportunity to explore the output variation with the
same inputs. Due to the unique infrastructure in which both the
modes exist on the same robot, our performance evaluation not
only addresses the advantages of each mode but also compares
the underlying physical principles between them. The widely
utilized criteria for locomotion such as power, speed, power
efficiency, motion smoothness, and terrain negotiation capabil-
ity are adopted for evaluation. A collection of robot behavioral
movies is available at http://ieeexplore.ieee.org.

The power efficiency is evaluated according to the widely
used measure, “specific resistance” [29], which was determined
by weight of the robot mg, its averaged power consumption P,
and its averaged forward speed v

S = P . (6)

mguv

The power consumption recorded here was the total power con-
sumed from the battery, not the mechanical power produced by
the motors. Thus, this measurement can provide an important
run time of the robot with the given battery capacity.

Fig. 8(a) and (b) plots the power and specific resistance ver-
sus the measured forward speed of the robot operating on three
different surfaces (linoleum, asphalt, and grass) and at vari-
ous speed settings (wheeled modes: 0.3, 0.6, 1.2, and 1.8 m/s,
equivalent to 0.5, 1, 2, and 3 body lengths per second; legged
trot gait: three different preset leg motion periods 1.3, 1.1, and
0.9 s). The statistically summarized means and standard are pre-
sented, where each datum is the average of instant measurements
from at least three experimental runs. The power consumed by
the computation and peripheral electronics is around 15-20 W
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(independent of operation mode). Overall power consumption is
mainly determined by the behavior of motor operation. Several
conclusions can be derived as follows:

1) The robot operating in legged mode (80—-160 W) gener-
ally consumes more power than in wheeled mode (40—
80 W) since varying and intermittent force interaction of
the robot leg with the ground consumes more energy in the
position-based trajectory planning. Due to the same rea-
son, the standard deviations of the power measurements
in the former case have larger variations as well.

2) The commercial motors prefer high-speed and low-load
rotary motion in a fixed direction. Thus, when the robot
operates in wheeled mode, the motor torque can effec-
tively and continuously contribute to the locomotion via
fast and efficient rolling behavior since the rolling of the
wheel also implies the continuous rotation of the mo-
tors, as described in Section V and shown in (1). In con-
trast, the legged motion usually requires a low-frequency
and high-torque swing motion where the motor acceler-
ates/decelerates frequently and operates in a wide speed
range. This phenomenon is revealed by the motion model
developed in Section V and observed in Fig. 7. As a re-
sult, experimentally we found that achievable leg stride
frequency (~1.2 Hz) is indeed less than the achievable
wheel rolling frequency (~2.3 Hz). In addition, the body
forward distance per period in legged mode is around 1/3—
1/4 of that in wheeled mode. As a result, although the leg
length is almost twice the wheel radius, the forward speed
in legged mode is around 1/4—1/2 of that in wheeled mode.

3) Because faster motor motion usually gives the robot a
higher forward speed, the power consumption increases
as forward speed increases. The increasing trend in speed
is more dramatic than in power; therefore, the specific
resistance decreases as the speed increases. This trend
indicates that the robot, as currently designed, is more
energy-efficient in high-speed locomotion. The specific
resistance drops to averaged 0.3 when the robot operates
in wheeled mode and moves at three body lengths per sec-
ond. The specific resistance in legged mode hovers around
2-3.5, comparable to the performance of the reported
legged robot [30], [31].

4) Effect of the ground types on power consumption is in-
significant since the standard deviations of the tests on
different terrains are considerably larger than the differ-
ence of the means, especially when the robot is operated
in legged mode. For the same trajectory setting, the robot
yields a different forward velocity due to different contact
friction, and the speed variation of the robot on different
ground types increases with the increase in speed.

5) The robot operating in a walk gait on flat linoleum was
also evaluated for performance comparison, although that
gait is specifically designed for crossing rough terrain.
Although four-leg coordination is quite different in the
walk and trot gaits, the individual leg trajectory tracking
is similar as described in Section V; therefore, the power
consumptions of these two gaits are roughly similar. How-
ever, since the high duty cycle yields a more stable but
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TABLE I
AVERAGED MOTION ACCELERATION OF THE ROBOT OPERATED IN VARIOUS
SCENARIOS (UNIT: m/s?)

Speed setting  linoleum asphalt grass

0.3 (m/s) 0.41(0.21) 0.57(0.17) 0.51(0.22)
% 0.6 (m/s) 0.40(0.16) 0.58(0.21) 0.69(0.24)
= 1.2 (m/s) 1.67(0.93) 1.71(0.83) 1.65(0.74)
g 1.8 (m/s) 2.36(1.07) 1.72(0.85) 2.59(0.99)
= Slow 2.72(1.46) 4.11(2.78) 4.01(2.33)
:-8 Medium 4.33(2.42) 4.98(3.12) 5.58(3.68)
= High 5.22(2.94) 4.81(2.57) 5.38(3.14)

TABLE III

AVERAGED TRACKING ERRORS OF THE ROBOT OPERATED IN WHEELED MODE

Speed setting  linoleum asphalt grass

0.3 1.05(0.23) 0.93(0.23) 1.26(0.26)
5 0.6 1.80(0.18) 1.74(0.28) 2.04(0.31)
5 E‘ 1.2 3.59(0.43) 3.35(0.49) 3.61(0.55)
® = 1.8 5.23(0.48) 4.87(0.62) 5.22(0.71)

0.3 0.046(0.029)  0.041(0.028)  0.057(0.029)
= 0.6 0.036(0.018)  0.043(0.031)  0.056(0.032)
% g 1.2 0.085(0.048)  0.082(0.042)  0.083(0.047)
R W 0.066(0.044)  0.053(0.040)  0.077(0.052)

slower motion, the specific resistance of the walk gait is
higher than that of the trot gait. The phenomenon is sim-
ilar to four-legged animals, which switch their gait from
walk to trot for power efficiency when their forward speed
increases [32].

Motion smoothness is characterized by body state measure-
ments from inertial measurement unit (IMU). Similarly, the
robot operates on the same three different surfaces and at
the same speed settings. Table II lists the timed-average Lo
norm (vector sum) of three-axis body state component results.
Gravity-induced acceleration was compensated; therefore, only
motion acceleration was accounted for. As expected, locomo-
tion of the robot in wheeled mode on linoleum and asphalt
is smoother than on the slightly rough grass surface, while in
legged mode, it has a more dramatic variation because of the
wider range of force interaction with the ground. When the
forward speed is faster, the motion is bumpier as well.

Table III lists the trajectory tracking performance of the robot
in wheeled mode, which is judged by averaged tracking errors of
four 2-DOF driving modules. The robot’s locomotion on grass
is bumpy and slippery due to its uneven and soft nature. This
phenomenon leads to wider variation and uneven distribution of
ground-contact forces to four wheels/legs, which further results
in larger tracking errors when comparing these two values to
those from locomotion on the other two types of surfaces. In
contrast, the asphalt has the largest friction coefficient among all
three surfaces, so the driving force can be transmitted smoothly
and equally from the ground, to the four wheels, then to the body,
which, in general, leads to small tracking errors. The table also
reveals the characteristics of the coupled two DOFs. Although
the output DOFs are driven by the same two equal-power motors
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TABLE IV
PERCENTAGE ERROR OF TURNING RADIUS OF THE ROBOT OPERATED
IN WHEELED MODE

Speed setting  linoleum asphalt grass

0.3 9.4(4.4) 7.2(9.5) 15.7(4.0)
£ 0.6 8.7(3.7) 7.4(6.2) 16.8(5.6)
% 1.2 9.4(1.1) 8.6(6.7) 16.0(2.4)
a 1.8 11.42.5) 8.7(6.6) 19.0(8.7)

0.3 5.4(2.0) 3.5(3.0) 11.4(4.2)
c 0.6 7.3(1.8) 3.6(2.4) 11.4(3.7)
? 1.2 5.7(1.2) 4.1(3.3) 11.4(3.7)
& 1.8 6.6(2.0) 5.8(5.3) 15.7(2.4)

0.3 5.5(2.5) 2.6(2.2) 10.2(1.3)
£ 0.6 5.5(2.5) 0.3(2.5) 11.2(5.4)
= 12 5.0(1.8) 2.0(3.7) 12.7(4.6)
a 1.8 6.1(3.1) 1.3(7.7) 12.9(8.6)

with kinetic mapping shown in (1), the tracking performance in
r is better than that in 6 for the following reasons:

1) The lengths of the moment arm of these two DOFs are sig-
nificantly different—wheel radius for # DOF and pinion
gear radius for » DOF (i.e., 125:8), and the motion with
longer moment arm has less resistance to the end force.

2) The error of the r-DOF is periodic and varied between
positive and negative values while the wheel is rolling.
In contrast, the error of the -DOF is cumulative during
forward locomotion. Thus, the tracking error of parameter
0 has an apparent increase while the forward speed of the
robot increases, during which more dynamics are involved
and more traction torque is required. The results confirm
the characteristics of the differential drive mechanism.

The robot’s turning locomotion in wheeled mode was eval-

uated. The robot was driven and turned with three different
designated turning radii R = 1.25 m (minimum turning radius),
1.5 m, and 1.75 m on the same three surfaces, and four preset
forward speeds. Because the actual forward speed is coupled
with turning radius and angular velocity, the preset forward ve-
locity is adopted as the comparison basis. Because the tracking
condition of individual wheels is similar in forward and turning
motion, performance of power and specific resistance in turning
motions is similar to that in forward motion, which yields that
speed is a crucial factor, not the ground surface. For the same
reason, the performance is not a function of turning radius. This
further indicates that while the robot in wheeled mode moves
freely on the flat ground, the speed is the sole factor affecting
power and specific resistance. Table IV lists the statistical results
of the percentage error of turning radius in these tests. The per-
centage errors of the robot’s motion on the linoleum and asphalt
surfaces are less than 10%, which indicates that the Ackermann
steering controlled by the RC servos has adequate performance.
The asphalt surface with large friction yields small error. In con-
trast, the slippery and soft grass has the least resistance to the
centrifugal effect, so the percentage error is the largest. For a
given turning radius, the percentage error doesn’t have a clear
increase with the increase of forward velocity, so it is not in-
duced by the side slip of the wheels due to the centrifugal force,

Fig. 9.
(c) natural rough terrain walking, and (d) stair climbing.

Robot operated in various scenarios: (a) step crossing, (b) bar crossing,

but by the accuracy of the Ackermann turning control. Since
turning control is more sensitive when the robot turns with a
small radius, the percentage error increases with the decrease of
the turning radius.

For legged movement, besides the flat terrain test described
earlier, the evaluation concentrated on the mobility of the
robot over uneven terrains, including step and bar crossing,
walking over natural irregular terrain, and climbing stairs,
as shown in Fig. 9. The original movies are available at
http://ieeexplore.ieee.org. The trajectories for step and bar cross-
ing are empirically generated with preset trajectories and tracked
by PD position control. The high-level gait transition between
walking/trotting and step/bar crossing is automatic if an ob-
stacle is observed or cleared. The generation of stair climbing
trajectory requires certain planning, and the primitive result has
been reported in [33]. Similarly, no extra sensory feedback is
required. As for natural rough terrain walking, the gait is just an
ordinary walking gait, as reported in Section V, where at least
three legs are set down at any instant to provide basic walking
stability.

Fig. 9(a) plots the typical scene of the robot climbing the
step. The performance is evaluated based on the results from ten
experimental runs, and the rate of successful passing is adopted
as the quantitative measure. The robot in legged mode can cross
a 24.5-cm-high step (i.e., 1.25 times the leg length and around
150% of the ground clearance) with about a 70% success rate,
but with no success on the 25-cm-high step. In comparison, the
robot in wheeled mode can only cross a 7.1-cm-high step nearly
100% of the time, but with no success on the 7.9-cm-high step.
Sharp declines in the success rate with a slight increase in height
indicate that: 1) the successful rate is dominated by the relative
geometry between the robot and the obstacle, and 2) the possible
performance variation due to the dynamic effect is insignificant.
When the height of the step increases to a certain value, the
legs cannot pull the COM of the body past the edge of the step
and reliably position the body on the step. As a result, the robot
slides down, unable to climb the step.

Fig. 9(b) plots the typical scene of the robot climbing the
bar. The robot in legged mode can pass over a 22-cm-high step
with about an 80% success rate, but with no success on the
24.3-cm-high step. The robot in wheeled mode can overcome
a 4.9-cm-high step with 100% success, but no success on the
6.7-cm-high step. Similarly, the robot in legged mode has a
much better climbing ability than in wheeled mode. In addition,
the robot climbs better over a step than a bar. In the former case,
the forelegs (front wheels) have continuous ground contact force
to pull the body after they encounter the top of the step. But in
crossing the bar, contact between the forelegs (front wheels)
and the bar happens only briefly, and it is lost before the body’s
COM passes the edge of the bar. Thus, the shift of the robot’s
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COM can be done only by propulsion of the hind legs. Without
assistance from the forelegs, the height of the bar that the robot
can cross is less than that of the step.

Fig. 9(c) plots the typical scene of the robot walking over
a natural environment full of tree roots. The height variation
of the surface is random. Empirical evaluation confirmed that
though the simple open-loop walk gait of the robot was not
capable of surface adaption to yield smooth locomotion, the
naive three-point ground contact strategy and sequential full-
rotation leg motion in the current gait did endow the robot with
the capability to successfully negotiate the irregular terrain. In
addition, the power consumption and specific resistance of the
robot walking on the flat and irregular terrains are also plotted
in Fig. 8. For the same parameter sets of the walk gait, the robot
walking on the irregular terrain consumes 50% more power than
on the flat linoleum surface. Since the speed doesn’t alter much,
the specific resistance also increases 50%.

Fig. 9(d) plots a typical example of the robot climbing
stairs [33]. With the open-loop design of the gait, the robot can
successfully climb stairs with a width between 25 and 30 cm
and height within 150-170 cm. However, because the stair size
varies from step to step, the configuration error may be accu-
mulative and the performance not reliable. A revised algorithm
that can perform online trajectory generation to adapt to a wider
configuration range of stairs is required to make the behavior
more reliable.

In summary, this section reports on various experimental re-
sults with Quattroped, mainly on the locomotion ability within
its wheeled and legged modes. Legs and wheels have their
advantages in two distinct environments. The existing hybrid
robots are indeed designed to balance performance of the robot
in both environments within one single platform. Based on dif-
ferent design strategies and target applications, each robot has
its own advantages and disadvantages. From aspects of either
morphology or control strategy, the hexapod Whegs series is
very close to a wheeled vehicle. By removing the “rim” of the
wheel, Whegs indeed significantly increases rough terrain nego-
tiability, while retaining wheel-like speed. For example, it can
move at a speed of three body lengths per second and cross
barriers of about 1.5 times the leg length [17]. However, maybe
due to its compact size, no stair climbing behavior has been
reported. The quadruped Loper has a similar wheeled-style leg
morphology and open-loop control strategy but with a different
body size and number of legs. It can move at 1.8 body lengths
per second and can climb stairs [11]. The hexapod RHex and
the quadruped Scott use the same morphology of 1 DOF per leg,
but utilize more leg-like legs with compliant characteristics for
investigating dynamic legged locomotion. With an intrinsically
stable tripod gait and half-circle leg, RHex can cross bars/steps
of 1.25 times the leg length, move over natural rough terrain,
and climb ordinary stairs [19], [34]. Its reported quantitative
performance of the earlier behaviors is similar to that of Quat-
troped reported here. Due to the simple 1-DOF design per leg
of the aforementioned robots, the ability of legged maneuvering
is limited, while the robot’s body state during locomotion is
strongly determined by the environment. The 2 DOFs per leg in
Quattroped provide body posture adjustability and, more impor-
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tantly, offer the possibility of changing configuration to wheeled
locomotion, which significantly increases the power efficiency
and motion smoothness that the earlier robots cannot achieve.
The successor of Scott, the quadruped PAW, also has 2 DOFs
per leg by adding an active wheel at the distal end of the compli-
ant leg [8]. Wheeled motion can achieve four body lengths per
second with specific resistance of 0.14, better than Quattroped
can achieve. Because the DOF for leg maneuvering remains the
same, its ability to negotiate rough terrain, though not reported,
is expected to be similar to that of Scott. The quadruped Roller
Walker has 3 DOFs per leg and can adjust its body posture more
actively and stably than the robots shown earlier. In addition,
with a passive wheel at the distal end of the leg, the robot in the
roller-walk mode can move at a speed of 0.5-2 body lengths per
second with a specific resistance of 0.5-1.2, much faster and
more power efficient than its original crawl gait. It has a speed
of 0.02-0.2 body lengths per second with a specific resistance of
5-10[31]. Perhaps due to indirect driving of the wheels, the per-
formance of power efficiency in roller-walk mode is slightly less
than that of Scott and Quattroped in wheeled mode. Note that
hybrid robots in general have more DOFs than ordinary wheeled
vehicles, and most likely, these robots in wheeled mode still re-
quire controlling all DOFs. Therefore, the power efficiency of
the former platforms is still less than that of the latter.

VII. CONCLUSION

We reported on the design and performance evaluation of a
novel leg—wheel transformable robot named Quattroped. The
robot is equipped with a transformation mechanism capable of
directly changing the morphology of its wheels into 2-DOF legs,
where the same set of actuators can be efficiently utilized in both
modes. It follows that the robot can act as either a four-wheel-
drive vehicle (wheeled mode) or as a quadruped (legged mode).
The design concept, especially the transformation mechanism,
is described in detail. Through the design of a 2-DOF differen-
tial driving module, motor power can be effectively utilized in
both modes. The robot infrastructure, including the structure,
mechatronics, and software infrastructure, is briefly described.
Based on the developed mechanical components and mechatron-
ics, various behaviors are developed based on straightforward
trajectory generation methods. Together with the developed dy-
namic model of the robot, the robot behavior and motor working
status can be analyzed. The behavioral performance of the robot
in both wheeled and legged modes is experimentally evaluated.
As expected, the robot in wheeled mode yields a smoother ride
and better power efficiency. On the other hand, the robot in
legged mode has better mobility to cross obstacles or rough ter-
rain. Combining both wheeled and legged features on the same
robot truly provides a better adaption to the environment.

On the hardware side, we are implementing various sen-
sors such as GPS, vision, and a laser ranger to improve the
robot’s perception ability. On the behavioral side, we are de-
veloping legged behaviors with closed-loop features to improve
the robot’s mobility on other challenging terrains and to explore
the robot’s behaviors in the dynamic region. With perception
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Fig. 10. Notations for dynamic model development.

capability and a bank of behaviors for different terrains, the
robot may in the future perform automatic behavior switching.

APPENDIX

LEG-WHEEL DYNAMIC CHARACTERISTICS

Although physically the leg—wheel is one component, its form
(i.e., wheeled or legged) significantly determines the robot’s
locomotion behavior. Because the leg—wheel utilizes the same
set of motors and mechatronic system (i.e., same inputs), it
is important to understand performance differences between
these two modes. For the purpose of comparison, the robot’s
sagittal-plane locomotion on flat ground is adopted for dynamic
model formulation and quantitative analysis, since this is the
nominal domain of wheeled operation. Thus, body pitch and
roll variations are ignored. Mechanical damping is also ignored.
Ground contact is assumed within static friction, yielding pure
rolling or fixed-point contact.

Fig. 10 shows several notations for model formulation. The
symbols m and I denote mass and inertia, respectively, = and
z, respectively, denote forward and vertical displacements, w
denotes angular velocity, and subscripts b and lw represent body
and leg—wheel, respectively. The COM of the body is located
above the hip joint with vertical distance a. The COM of the
leg—wheel in legged mode is parameterized in polar coordinates
(¢, &) with distance c to the leg—wheel center and angle £ with
respect to the spoke. In the wheeled mode, the COM is on the
spoke and with distance d = ccos ¢ to the center. Because the
materials utilized for the rim of the wheel are identical for the
whole rim, the moment of inertia of the leg—wheel with respect
to the center [}y, remains the same in both wheeled and legged
modes. Thus, the relative distance of the leg to the center of the
rim remains the same. The moment of inertia with respect to the
COM I, in either wheeled or legged mode can then be derived
according to the parallel-axis theorem.

When the robot is operated in wheeled mode, r (t) is con-
trolled to be the same as the radius of the wheel r,. By the
Lagrangian method, the dynamics equation of the overall robot
can be written as

myry, 2 2
= TR (ra, +d° 4 2r,dcos ) + I, ) 0

— My dsin g — my, Ty, dsin 06> (7

my, (—r, sin 00 — cos 0g)

Jn = 1 ®)

where 75, and f,, respectively, represent hip torque and hip force
in the radial direction, and g is the gravity constant. Because of
the leg—wheel’s offset COM (i.e., existence of d), other wheel
dynamic terms such as gravity and centrifugal effect [i.e., the
second and third terms on the right-hand side of (7)] generate
modulating torque effects on the system dynamics. By subtract-
ing these terms from the hip torque 7, the resultant torque
divided by the resultant robot inertia [i.e., coefficient of the first
term on }he right-hand left side of (7)] yields the wheel accel-
eration 6, which is linearly proportional to the body forward
acceleration ;. Equation (8) shows the dynamics of the hip
force acting in the radial direction. Although r (¢) = r,, does
not change in the wheeled mode, the hip force f, still varies
and depends on the configuration of the leg—wheel to balance
the forward acceleration and gravity.

When the robot is operating in legged mode, two types of lo-
comotion exist: rolling motion and motion with a fixed ground-
contact point, as described in Section V. For the former case,
the dynamics equation of the robot with a two-beat trot gait can
be derived as

(mb (ri + (1w — r)2 + 27y, (ryy — 1) cos 9)
2

+ My (rﬁ) + ¢+ 2r,ccos (6 — §) + Il“,>é =1

N (mb (T (rw2— r)sinf)

+ My (rycsin (6 — 5))) 6?

L. My Sin OF
+my ((ry —r) 4+ 1y cosl) 70 + w7

n (mb((rw ;r) sin 6)

+mlwcsin(9—f)) g 9)

my (7 — 7y sin 00 + (ro —7) 62 — cos 0g)

fh, = B .

(10)
For the second case, the dynamics equation can be written as

<mb (27"117 - T)Q

2 + My (Tw + C)2 + Ilu:) 9 = Th

my (21 — 7) sin 6)
2

+my (2ry — 1) 70 + <

+ myy (1 sind + csin (0 5))>g (11)

mp (r + (2ry — 1) 62 — cos Hg)

f/L = 2

(12)

In the legged mode, (r (t),0(t)) are functions of time and
all their derivatives can be derived based on (5). As expected,
(9)—(12) contain various dynamic terms such as gravity and
centrifugal effect. Since the distance between the COM of the
leg—wheel and the hip varies during locomotion, the terms are
coupled in a more complicate manner than those shown in (7)
and (8).



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

The hip torque 75, and hip force f;, are provided by the motor
torques through the 2-DOF driving mechanism shown in Fig. 3.
The force mapping can be derived according to the principle of
virtual work,

fh 7\ —1
= J =
Th ( ) T 1 1 T2

0 —1/a| |m

F = 13)

Equation (13) indicates that the hip torque 73, is determined by
the sum of motor torques and the hip force is simply determined
by motor 2 torque 72, with division by the radius of the pinion
gear a. The coupling in (13) is complementary to that in (1).

The torque of dc brushed motor can further be represented as
a function of supplying voltage V" and its speed ¢

. KV KrK.p

I I (14)

where K7, K., and R are torque constant, voltage constant,
and terminal resistance, respectively. As a result, the hip torque
7, and hip force f; can be further represented as functions of
supplying voltage, motor 1 speed ¢, and motor 2 speed 5.
Note that the motor inductance is ignored in (14) since it is
comparably small.

The overall system dynamics can be evaluated by the com-
bination of (7)—(14). More specifically, with a given nominal
motor voltage V, the motor torques behave according to (14),
and then the hip torque and hip force further behave according
to (13). Together with the dynamic equations shown in (7)-(12),
body state of the robot can be derived and simulated.
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