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Abstract—Roller skating with passive wheels on a
quadrupedal robot is more efficient than traditional walking.
However, the typical mammalian quadruped robot with 3-DoF's
legs can only perform one dynamic roller skating gait and has
difficulty achieving turning motion. To address this limitation,
we designed a novel quadrupedal robot with each leg having
4-DoFs to enable various roller skating locomotion including
Swizzling, Stroking, and trot-like gaits while easily achieving
turning motions. We considered the geometrical characteristics
of the passive wheel and used the Levenberg-Marquardt
method in robot kinematics to improve precision for both roller
skating kinematics and contact point position for the dynamics
controller. The position of the robot foot and the yaw angle of
the passive wheel are decoupled for motion planning of all
proposed gaits. Our proposed Kkinematics with wheeled
geometry was verified through experiments to have higher
precision, while the feasibility of all proposed roller-skating
gaits was confirmed during straight motion and turning motion
with a small radius on our prototype robot. Finally, we
discussed the mobility efficiency of different roller skating gaits
which were found to be more efficient than walking.

I. INTRODUCTION

Passive wheels enable humans to achieve complex and
dynamic roller skating at high speeds on the ground,
providing an ideal model for robots seeking to improve their
mobile efficiency through passive wheel roller skating.

While humans with seven degrees of freedom (DoFs) in
their legs can execute intricate roller skating maneuvers,
typical mammalian robots with only three DoFs per leg
struggle to perform complex gaits and turning motions. To
address this limitation, we added an active DoF to each leg of
our quadrupedal robot QSkater[1], resulting in a new design
called QSkater-E that incorporates passive wheels. With the
addition of a fourth degree of freedom, this robot is capable of
executing multiple roller skating gaits while easily achieving
turning motions.

A. Related Works

The wheel-legged quadrupedal robot that has both the high
adaptability of legged robots and the high mobility of
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wheeled robots has always been a hot topic in the field of
robot research. According to the fitting method between leg
and wheel, the wheel-legged quadrupedal robot[2] can be
divided into Leg-wheel fusion type and Independent
leg-wheel type. With the improvement of quadruped robot
technology, the leg-wheel fusion type quadrupedal robot
become the mainstream, such as the famous robot Anymal.
Anymal[3-5] with wheels, has achieved a trajectory optimizer
using linearized ZMP constraints to a compound motion of
actuated wheels and legs. A wheel motion generator[6, 7] is
proposed to track the centroidal motion of one
quadruped-on-wheel robot which can cross various rough
terrains with the model-based whole-body torque control.
Complios[8] can spontaneously adapt its configuration while
it is rolling on unknown uneven terrain and give access to the
measurement of horizontal forces applied on the legs, which
constitutes valuable information when it comes to choosing
an appropriate response during obstacle crossing.
CENTAUROI9, 10] is a centaur-like body that is controlled
by a torque-compliant actuator and four articulated legs
ending in steerable wheels allow for omnidirectional driving
as well as for making steps. A dual-frequency gait planning
method[11] which controls the robot's gait cycle's duty factor
and generates unique turning gait patterns for wheel
locomotion is proposed. A control framework[12] to tackle
the hybrid locomotion problem of wheeled-legged robots is
proposed and is demonstrated by the simulation.

Based on the driving form of the wheel, the wheel-legged
quadrupedal robot can be divided into quadrupedal robots
with active and passive wheels. Although the active wheel
which holds its position can be similar to the foot, the contact
force can easily make the actual wheel rotate and the wheel
affects the dynamic characteristics of the legs while the robot
is walking. The method to control the quadrupedal robot with
passive wheels for roller skating is an interesting topic
because of the non-holonomic constraints produced by
passive wheels. The roller skating static gait similar to the
human Swizzling gait using kinematic control has been
achieved for the Roller-Walker[13] with passive wheels. The
special quadrupedal robot, Anymal with passive wheels, can
achieve a static roller skating gait[14] which can skate on flat
and inclined terrain with force control. Skaterbots[15] and
AgileBot[16] whose leg has 4 DoFs can achieve a Swizzling
gait similar to Roller-Walker and a Stroking gait similar to
the trot. Skaterbots used a computation-driven approach to
locomote with arbitrary arrangements of legs and wheels.
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Similar to the walking gaits, the skating gaits of a
quadrupedal robot can be divided into static skating gait and
dynamic skating gait. The static/dynamic skating gait is
defined as the robot/human being in a statically/dynamically
stable state while skating. A dynamic roller-skating gait[17]
of the quadrupedal robot with passive wheels which is
imitated by human roller skating proposed to promote mobile
efficiency.

B. Contribution

In this paper, we dedicate ourselves to the versatile roller
skating gaits on one quadrupedal robot. The main
contributions of this paper are:

1) A novel quadrupedal robot whose each leg has 4-DoFs
with passive wheels is designed and can achieve walking and
multiple roller skating gaits (Swizzling, Stroking, and
trot-like).

2) A passive wheel model with geometrical characteristics
is proposed to improve precision in both roller skating
kinematics and contact point position for dynamics controller
using the Levenberg-Marquardt method in the robot
kinematics.

3) Finally, the proposed locomotion design is verified on
the robot prototype “QSkater-E” through experiments. The
experiment result shows the locomotion design has high
precision and the robot can achieve multiple roller skating
gaits with a small radius. The COT of the multiple roller
skating gaits is significantly lower than that of the walking.

II. ROBOT STRUCTURE AND MODEL

A. The whole structure of the robot

The quadrupedal robot with the passive wheel-foot effector
named “QSkator-E” consists of one body and four legs and its
mechanism sketch is demonstrated in Fig. 1. Each leg has
four active DoFs and one passive DoF (one passive wheel).
The fixed ground coordinate system is denoted by the ground
coordinate system (S) and is used for the route design. The
moving coordinate system located at the geometric center of
the body is denoted by the body coordinate system (M).
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Fig. 1 Sketch of the quadrupedal robot with passive wheel-foot effector

named “QSkater-E” . 6,,6,,6,,6, and ®, are the angles of active joints
and the angular speed of passive wheel on each leg of the robot.

To reduce the moments of the leg, the four-bar linkage is

designed to deploy the motor to the root of the leg. The
double parallel four-bar linkage[18] is used to avoid the
singular configuration. The ingenious passive wheel-foot
effector uses a passive wheel as the inner core which is
wrapped by a rubber cover. The passive wheel-foot effector
can be regarded as the flexible foot when the rubber contacts
the ground, otherwise, it can be regarded as a passive wheel.

There are two modes of the proposed robot: the walking
mode and the skating mode shown in Fig. 2. According to the
contact characteristic between the wheel-foot effector and the
ground, the leg can be divided into walking and skating mode.
The robot can choose the contact between the passive
wheel-foot effector and the ground to achieve roller skating
and walking. While the robot is walking, the contact part
between the wheel-foot effector and the ground is the rubber
which is the same as the one of the quadrupedal robot. While
the robot is skating, the contact part between the wheel-foot
effector and the ground is the passive wheel.

>
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Fig. 2 Modes of the quadrupedal robot with passive wheel-foot. Two modes
are the walking mode and the skating mode. Switching between modes can
be achieved by passing through the singularity.

B. Kinematics of robot for roller skating

In our previous works, we used the type mammalian
quadrupedal with passive wheels to achieve a unitary roller
skating gait, and the passive wheels are regarded as a simple
non-steerable model. Different from our previous works, the
proposed quadrupedal robot utilizing the fourth joint of each
leg can control the direction angle of the passive wheel to
realize diverse roller skating locomotion.

Each leg of the proposed robot has one more active and
passive DoF than the typical mammalian quadruped robot. In
the waking mode, the proposed robot has the same
configuration as the mammalian quadruped robot when the
fourth active joint of each leg is fixed as zero. So, the
kinematics of the robot in the walking is not discussed in
detail.

In the skating mode, the passive wheel can not be directly
controlled and the fourth active joint of each leg can be used
to control the direction of the passive wheel. The contact
model between the passive wheel-foot effector and the
ground is used to build the kinematics of the robot shown in
Fig. 3. The passive wheel is regarded as a non-steerable
model with thickness. The moving coordinate system located
at the geometric center of the passive wheel is denoted by the
foot coordinate system (W). The axis of the passive wheel is
the Y-axis of the foot coordinate system.

Forward Kinematics:

Using the product of exponential, the position and

orientation of the W coordinate system can be obtained as

G, =G, 461 %82 006 S0 G,, (1)

where G, is the position and orientation of the robot body,

8038



¢,¢,,¢5, ¢, are the initial screw of active joints, and G, is
the initial position and orientation of the W coordinate system
relative to the body coordinate system.
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contact point (N)

Fig. 3 The contact model between the passive wheel-foot effector and the
ground. The geometric center of the passive wheel is the point W. The
contact between the passive wheel and the ground is regarded as a point N.
b,,r, ,and r, are the half of width, equivalent radius and actual radius of the

passive wheel, respectively. The orientation of the wheel can be described as:
rotates y, around the Z-axis after rotating ¢, around X-axis in the ground
coordinate system. y, and «, are defined as the yaw angle (direction
angle) and roll angle of the passive wheel, respectively.

According to the definition of the wheel, the direction
angle and the roll angle of the passive wheel can be expressed
as:

7, = —arctan( g/ gg) -90° <y, <90°
(@)

@, = arcsin ( an ) -90° < @, < 90°

where g is the elements of row ¢ and column b of the G, .
In most research, the wheel is regarded as a point W and
the wheel geometry is not considered. However, the skating
velocity is affected by the wheel geometry. In this paper, we
consider the wheel geometry to improve the precision of
roller skating kinematics and the contact point for the
dynamics controller. Based on the wheel geometry, the

position of the contact point N can be expressed as:
—r, siny, sina,
P, =| r cosy, sina, |+B, 3)

—r, cosa, —b,

where P, is the position of the W coordinate system.
Inverse Kinematics:

The direction angle and the contact point of the passive
wheel are important for the roller-skating gait. For the inverse
kinematics, the position of the contact point and the direction
angle of the passive wheel are inputs to get the expected four
joints of each leg. Because of the coupling and nonlinear
relationship between four active joints, the direction angle,
and the contact position of the passive wheel, the analytical
solution is hard to get.

We use the numerical method for the inverse kinematics of
each leg to obtain the precise solution. The nonlinear
equations of the inverse kinematics can be expressed as:

g1, COS Y, + gy siny, =0

g1r & 0 4
r,| gngh |+| By —Py—| 0 ||{1-ghgh =0
g g —1 b,

The Levenberg-Marquardt method is used to solve the
inverse kinematics of each leg. The inverse kinematics with
four equations and parameters has multiple solutions shown
in Fig. 4. To avoid the singular solution and reduce iterations
of the Levenberg-Marquardt method, the approximate
solution that ignores the wheel geometry is utilized as the
initial value. The approximate analytical solution of each leg
can be divided into two steps: 1) The first three joints of each
leg can be obtained by the inverse position solution of one
mammalian leg when the contact point N is regarded as the
point W. 2) The fourth joint can be obtained as:

”12 + r22 tan j/w

0, = arctan[ J— 90° <6, <90° (5)

7"11 +r21 tanyw
where 7, is the elements of row a and column b of the
orientation matrix which can be got by the forward
kinematics of the body orientation and the first three joints of
each leg.

1 2 3 4
Fig. 4 The multiple solutions of the inverse kinematics of each leg.

C. Dynamics of robot for roller skating

The dynamics model of the quadrupedal robot based on the
center of inertia (Col) is selected as the dynamics model for
the controller. There are only two external forces on the robot
without consideration of external disturbance: the ground
reaction force (GRF) and gravity. In the body frame, the
dynamics model can be expressed as

MV, +MV, — ad] MV, =F, +F, (6)

where M, and MU are the inertia matrix and its differential
of the whole robot relative to the body frame, ¥,, and V,,
are the twist and its differential of the body frame, F, and
F, represent the wrench of the gravity and the GRF relative
to the body frame. adVM is the adjoint operator of the twist
V., . The body orientation and position are expressed as in
the exponential mapping on SE(3) for the trajectory design.

III. LOCOMOTION DESIGN

Utilizing the 4-DoFs leg, the robot can realize diverse
roller skating locomotion including the Swizzling static gait,
Stroking static gait, and trot-like dynamic gait.

The locomotion design of this robot for roller skating can
be divided into two into two parts: the body trajectory and the
passive wheel-foot trajectory. Different from our previous
works, the trajectory design of the passive wheel contains the
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contact position between the wheel and the ground and the
direction angle of the wheel.

A. Direction angle of wheel-foot

When all direction angles of the supporting wheel-foot
satisfy the nonholonomic constraint, the robot body can
achieve stable skating motion. The constraint between the
body and the direction angle of the supporting wheel shown
in Fig. 5 can be expressed as

V, =V TV @)

v =[0 0 @.] xpu+[ve 0 0 (8
where v,,, =dp,, /dt can be obtained by the locomotion
design of the contact position. The direction angle of the
wheel-foot can be computed as the angle between the vector
v, and the X-axis in the horizontal plane relative to the body
coordinate system. For continuity, the direction angle of the
swing wheel is calculated in the same way as the one of the
supporting wheels.

M va
Body W

ES
=Yy

Fig. 5 The constraint between the body and the direction angle of the
supporting wheel-foot. The expected linear velocity along the X-axis and
the expected angular velocity along Z-axis relative to the body coordinate
system is denoted as v, and ®,, , respectively. p,, and v,, are the
position and linear velocity of the contact point N relative to the body
coordinate system. The linear velocity v,, is generated by the v, and
@, at the point N. v, is the linear velocity of the point N relative to the
ground coordinate system.

B. Swizzling static gait of roller skating

The Swizzling static gait is inspired by the human
Swizzling roller skating gait. In the Swizzling gait, all legs of
the robot remain supporting and there is no swing leg. We
divided the front and hind legs of the quadruped robot into
two groups which is similar to human legs.

The locomotion of the front/hind legs shown in Fig. 6 can
be divided into two phases: the push-out phase and the
push-inward phase. The passive wheels of the front/hind legs
in the transform state between the push-out and push-inward
phase is a singular configuration. To avoid this singular
configuration, the motion of the front and hind legs has a
phase difference. We hope the cycle time of the gait is
negatively correlated with the speed of the roller skating. So,
the desired trajectory of the contact point can be expressed as

T
. 27 ¢t
Pyy = Pymo +[O L, sin (T Io Vdetj O:| 9)

where p,,, is the initial desired contact position, L, is the

lateral motion length, and T is the cycle time of the gait.

@ Center of body fo] D supporting

A . :
X N S Q|
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\ ’ |

swing

push-out phase | push-inward phase |

Fig. 6 The two phases of the Swizzling static gait. In the push-out phase, the
wheel-foot of the front/hind legs moves outsides along the Y-axis of the
body coordinate system. The push-inward phase is the opposite of the
push-out phase.

C. Stroking static gait of roller skating

The stroking static gait imitates the human skateboarding
motion which has a skating platform and uses one leg to
generate thrust. In the stroking gait, the robot uses three legs
to form a skating platform and one leg to generate thrust.

The stroking gait shown in Fig. 7 can be divided into two
phases: the pushing phase and the skating phase.

@ Center ofbody {25 swing O supporting

A

——

) %’ I
Pushing phase : Skating phase :

>=r

Ay

Fig. 7 The two phases of the Stroking static gait. In the pushing phase, one
leg is used to push the ground to generate the power. In the skating phase, the
robot with three supporting legs skates on the ground. In those phases, the
center of mass of the robot body remains within the support polygon.

The direction angle of the passive wheel of the leg used to
generate thrust is set at 90°. The position of the robot body
and the three legs which are used to form the supporting
polygon remain unchanged. The direction angle of the
supporting legs is used to decide the skating motion and can
be computed by Section III-A.

D. The trot-like gait of roller skating

The trot-like gait of the quadrupedal robot is a dynamic
roller skating gait. Different from our previous works[19], the
proposed robot whose direction angle of the passive wheels
can be controlled is more flexible. The robot can use the
direction angle of the wheels to achieve turning motion
easily.

In the trot-like roller skating gait, the diagonal legs (left
front and right hind, right front and left hind) have a similar
motion and are named as one group leg. The one group of legs
of the trot-like gait shown in Fig. 8 can be divided into two
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Fig. 8 The two phases of one group leg for the trot-like dynamic gait. In the
pushing phase, the group of legs is used to push the ground to generate the
power. In the skating phase, the group of legs swing back to the initial
position and the robot skates with two supporting legs on the ground.

E. Motion Control

The motion control of the proposed robot can be divided
into two parts:

1) The first three joints of each leg are used to control the
orientation and position of the body and the foot position.
First, the expected ground reaction force of supporting legs is
obtained using the dynamics controller[1] based on the center
of inertia on SE(3). Then, the whole body control (WBC)[20]
is selected to compute the expected angle, angular velocity,
and torque. Last, the Field Oriented Control (FOC) is used to
achieve the joint control.

2) The fourth joint of each leg is used to control the wheel
direction angle. First, the expected angle of the fourth joint is
obtained by the kinematics of Section III. Then, the
Proportion-Differentiation (PD) controller is utilized to
achieve the joint control.

IV. EXPERIMENTS

The experiments for the robot consist of three parts: the
kinematics contrast experiment with the wheel geometry, the
feasibility experiment of the roller skating gaits, and the
energy consumption experiment between different roller
skating gaits (All experiments video of the quadrupedal robot
using the proposed controller is shown in the video). The
important parameters of the quadrupedal robot with passive

wheels are expressed in Table 1.
TABLE 1
QUADRUPEDAL ROBOT PARAMETERS

Robot parameter Value
Body width 0.3 m
Body length 04 m
Thigh length 02m
Calf length 0.2 m

passive wheels r, =0.027m, b, =0.005m

The orientation and position of the robot body use the
inertial measurement unit and the observability-constrained
Extended Kalman Filter[21]. The Robot Operating System
(ROS) is used as the control system and the qpOASES is used
for solving the optimization.

A. Kinematics contrast experiment

The kinematics contrast experiment compares whether to

consider the wheel geometry of each leg for the skating
motion on the robot prototype. The position of the contact
point and yaw of the wheel on the robot prototype using the
trajectory of the Swizzling gait is shown in Fig. 9. In Fig. 9,
the contact point trajectory and the yaw of the passive wheel
using the proposed inverse kinematics overlap the desired
trajectory and yaw of the passive wheel. There is a large error
between the contact point trajectory using the simple solver
without considering the wheel geometry and the desired
trajectory along the X-axis on the ground coordinate system.
This error can affect the stability of the roller skating speed
for the quadrupedal robot.

027

numerical trajectory
desired trajectory
m—— simple trajectory
desired yaw
—=simple yaw

Z(m)

0 Y (m) -0.1

0
Fig. 9 The position of the contact point and yaw of the wheel on the robot
prototype using the trajectory of the Swizzling gait. The numerical trajectory
means the contact point trajectory using the proposed inverse kinematics.
The simple trajectory and yaw mean the contact point trajectory and yaw
using the simple solver without considering the wheel geometry. The
numerical and desired trajectory basically overlap.

The numerical iteration number of the proposed inverse
kinematics method using the approximate analytical solution
as the initial value is less than 6. It takes about 9ms to
calculate 100 times the inverse kinematics with the proposed
method on the prototype. The proposed inverse kinematics
method not only has high precision but also has sufficient
computational efficiency to apply to the robot prototype.

B. Roller Skating

The roller skating gaits using the proposed kinematics with
the wheel geometry (the Swizzling, Stroking, and trot-like
gaits) are verified in the robot prototype. The trajectory of the
robot body shown is captured by the 3-D motion-capture
system in the ground coordinate system.

The robot body velocity of the linear motion of the roller
skating gaits is shown in Fig. 10. The desired velocity of all
gaits whose parameters and dynamics controller are the same
is 0.4m/s. In the Stroking gait, the robot using the proposed
inverse kinematics has a higher acceleration than the robot
using the simple inverse kinematics. There is no significant
difference in the disturbance along the Y-axis and Z-axis
between the two curves. In the Swizzling gait, the robot with
the proposed numerical method has a smaller disturbance
along the X-axis and Z-axis than the robot with the simple
inverse kinematics. The results show the proposed method
effectively compensates the motion of the passive wheel and
enhances the motion accuracy of the robot. In the trot-like
roller skating gait, there is no significant difference between
the two curves. This result shows the dynamic gait which uses
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the ground thrust to generate the motion is not sensitive to the
kinematic accuracy. Based on the experiments of the linear
motion between different gaits, the proposed inverse
kinematics method can effectively improve the motion
accuracy of static roller skating gait but does not significantly
improve the dynamic roller skating gait.

Y-axis

X-axis

Z-axis

0.05

1 ﬁﬂﬂﬂnﬁﬂﬂﬁﬁq[ o PN e
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0.1 0.05
M M M M M M AAAAAAAAAAMAA
wwww VVVVVVVV VTN
70.1

0 2 4 6 0 2. 4 6 0 2 4 6
simple ‘ time (8)

Fig. 10 The robot body velocity of the linear motion of the roller skating
gaits. The red and blue curves is the body velocity whose inverse
kinematics uses the proposed numerical method and the simple geometry
solution. The green curve is the command for robots. The direction of the
linear motion is normalized along the X-axis in the ground coordinate
system.
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The body trajectory of the turning motion of the roller
skating gaits is shown in Fig. 11.
1 : ;

0.75 1 - Swizzling 1
R Stroking R=1.555m
;E/ R=0.574m
é 051 Trot-like 1
N R=8.152m

0.25

0 0.5 1 1.5 2
X-axis(m)
Fig. 11 The body trajectory of the turning motion of the roller skating gaits.
The fitting radius of the Stroking, Swizzling and trot-like roller skating gaits
are 0.574, 1.555, and 8.152m.

0

The desired linear velocity of all gaits is 0.4m/s. The
experiment result shows the proposed robot can achieve
linear and turning motion using the proposed locomotion
method and gait design. The Stroking gait can easily achieve
the turning motion with a small radius and the trot-like roller
skating is difficult to achieve the turning with a small radius.
Due to the different ways to generate skating motion of the
static and dynamic gaits, the dynamic roller skating gaits
make it difficult to achieve the turning motion. The skating
motion of the static roller skating gaits is mainly generated by
the kinematics of passive wheels and can be controlled by the
locomotion design of the robot kinematics. However, the
skating motion of the dynamics roller skating gaits is
obtained by the linear momentum between the foot and
ground which is difficult to transform into angular

momentum. So, the turning motion of the dynamics roller
skating gait needs to be a special design that is similar to
human roller skating.

C. Energy consumption

The cost of transport (COT) is the important index of the
efficiency of the mobile robot and can be expressed
SO

CoT = 10

T (10)
where §, is the mechanical energy consumption of all joints
in one cycle and 7; is the mobile distance of one cycle for
the periodic gait. G, is the weight of the robot. In this paper,
one joint consumption can be computed as 1£|Tw| dt where
7 and o are torque and angular velocity of the joint.

The COT of the trot walking, Swizzling, Stroking, and
trot-like roller skating gaits are shown in Table 2. The
Swizzling, Stroking, and trot-like roller skating decrease the
COT by approximately 30% and 50% to the trotting walking
gait in the experiments. However, the COT of the trot-like
roller skating gait is not significantly lower than that of the
static gaits (Swizzling and Stroking). Compared with the
previous robot whose each leg has 3-DoFs, the trot walking
has no change and the trot-like roller skating increases the
COT by about 25%. The fourth joint of each leg has little
consumption in walking and high consumption in roller
skating to maintain the yaw angle of the passive wheel.

TABLE2
ROBOT EFFICIENCY
Trot walking Swizzling Stroking trot-like
COT  0.35+0.01 0.20+0.02 0.28+0.02 0.18+0.02
[1] 0.35+0.02 \ \ 0.136+0.028

V. CONCLUSION

A new quadrupedal robot whose each leg has four DoFs
and the passive wheel-foot effector is designed to enable
various roller skating locomotion (including Swizzling,
Stroking, and trot-like gaits). The wheel geometry is
considered to improve the precision of roller skating
kinematics and the contact point for the dynamics controller.
To avoid the singular solution and reduce iterations of the
Levenberg-Marquardt method, the approximate solution that
ignores the wheel geometry is utilized as the initial value. The
position of the robot foot and the yaw angle of the passive
wheel are decoupled for motion planning of all proposed gaits.
Our proposed kinematics with wheeled geometry and roller
skating gaits were verified through experiments to have
higher precision, while the feasibility of all proposed
roller-skating gaits was confirmed during straight motion and
turning motion with a small radius on our prototype robot.
The turning radius of different gaits is discussed to find it
difficult to achieve the small turning radius for the dynamic
roller skating gaits.

We will pay attention to the gait design of the turning
motion for the dynamic roller skating and controller to
improve the efficiency of the force control.
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