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Abstract—Conventional mobile robots typically include a single
locomotion mode and require additional arms to transport objects.
To address the challenges of traversing in diverse environments and
transporting objects, a novel transformable multi-mode Mecanum-
wheeled mobile robot is proposed in this paper. Owing to its unique
foreleg design, the robot could operate either in the quadrilateral
four-wheel mode, collinear four-wheel mode, or upright two-wheel
mode; it could even smoothly switch between any two modes by
re-arranging the foreleg wheels. When standing with its forelegs
raised, the robot can carry objects and transport them to a predeter-
mined destination. The design and operational modes of the robot
were explored in detail. The kinematics and control of the different
operational modes were analyzed and experimentally verified. The
results indicate that the developed robot can perform versatile
locomotion to accomplish object transportation in diverse envi-
ronments by utilizing its foreleg-wheel mechanisms. Furthermore,
the robot experiences an additional angular velocity because of an
asymmetric arrangement of the front and rear Mecanum wheels,
which differs from conventional symmetric arrangements.

Index Terms—Kinematics, motion control, wheeled robots.

1. INTRODUCTION

UMEROUS mobile robots have been deployed in diverse
environments, such as factories, warchouses, hospitals,
and offices for different tasks [1]. Object transportation is a
frequently used application requiring mobile robots to exhibit
adequate trafficability and a good ability to carry objects.
Leg-wheel hybrid locomotion is a promising means of ensur-
ing suitable maneuverability and trafficability of mobile robots,
particularly when omnidirectional wheels are used. Recently
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developed representatives include an omnidirectional mobile
robot (OMR) with an active suspension [2],a Mecanum-wheeled
hybrid hexapod robot [3], and an OMR with ground reaction
force-compensated wheel-leg mechanisms [4]. These leg-wheel
hybrid mobile robots exhibit appropriate adaptability in hetero-
geneous scenarios and irregular terrains owing to their wheeled,
legged, or hybrid locomotion modes. Another common and
effective method for achieving adequate maneuverability and
trafficability is employing variable locomotion configurations.
For instance, the AZIMUT robot used leg-track-wheel articula-
tions [5], the OmniWheg robot was configured with separable
omnidirectional wheels [6], and the MIRRAX robot comprised
a reconfigurable body for varying the Mecanum wheel arrange-
ments [7]. However, these mobile robots cannot transport objects
without additional mechanisms.

The addition of dedicated arms to carry objects enables object-
transportation functions in different types of mobile robots,
including the OMR with a PA-10 arm [8], and the Boston Spot
with an external robotic arm [9]. Humanoid robots designed
with a track-leg or wheel-leg chassis, such as CHIMP [10],
JUSTIN [11], and CENTAURO [12], can perform dual-arm
transportation missions in diverse environments. However, this
introduces highly redundant robotic systems, resulting in com-
plex systems and controls. Particularly, when the support poly-
gon of a composite robot system is a variable, the planning and
control of the arm under balanced constraints are challenging.

The methods by which legged robots manipulate objects
have been categorized into four classes [13]: object interac-
tions without grasping, manipulation with walking legs, dedi-
cated non-locomotive arms, and legged teams. The integrated
mechanisms of mobile robots, such as walking legs, can be
advantageous to carry and move objects. For instance, several
methods have been proposed for hexapod robots that carry
objects by transforming one or two legs into arms while walking
on the remaining legs [14]. A novel integrated modular neural
control approach was implemented in a dung beetle-like robot
to achieve versatile locomotion and object transportation on flat
and uneven terrains [15]. Additionally, leg-wheel quadrupedal
robots have the potential to complete some tasks by raising their
two forelegs [16]. However, to enable quadruped robots raise
their forelegs to transport objects, further studies on the motion
planning and control are required due to fundamental changes
in the locomotion paradigm and balance state.

Inspired by the ideas of varying locomotion configurations
and utilizing integrated leg-wheel mechanisms, a novel trans-
formable multi-mode Mecanum-wheel-driven mobile robot is
proposed in this study (Fig. 1). The robot was designed using
four Mecanum wheels, two of which were linked to the chassis
using active parallelogram linkage mechanisms (forelegs). This
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Fig. 1. Overview of the proposed robot design.

design enabled the robot to transform into different operational
modes, vary its footprint for improving its trafficability, and carry
objects with its forelegs for transportation purposes. The primary
contributions of this study can be summarized as follows:

1) A novel design of a transformable mobile robot, capable
of varying locomotion configurations and transporting
objects using integrated mechanisms, is proposed;

2) The kinematics of Mecanum wheels with asymmetric
arrangement variation are derived and examined;

3) The control and operation of the robot, including operating
in different modes and switching between modes, are
implemented and demonstrated.

The remainder of this paper is organized as follows. Section 11
presents the proposed design and feasible operational modes.
Section IIT explains the kinematics and control of the different
operational modes. The experiments performed to verify the pro-
posed design and analysis are described in Section IV. Finally,
Section V concludes the study.

II. SYSTEM OVERVIEW

A. Design

Fig. 1 depicts the overview of the proposed robot design.
The robot comprises four Mecanum wheels, two of which are
attached to the chassis with the other two linked to the chassis via
forelegs. Each foreleg includes a pitch joint and parallelogram
linkage mechanism driven by the yaw joint. Therefore, the robot
can extend or retract its forelegs by rotating the pitch joints
or swing its forelegs forward and backward by rotating the
yaw joints, similar to a mantis moving its two forelegs. The
parallelism of the wheel axles is always ensured owing to the
use of the parallelogram linkage mechanism. This configuration
not only enables the robot to change its operational modes and
vary its height and footprint but also provides transportation
capabilities to the robot. Each Mecanum wheel was driven by a
motor (M3508, DJI), and both the pitch and yaw joints were ac-
tive (RMD-X6 S2, MyActuator). Therefore, the robot contained
eight actuators. An inertial measurement unit (IMU; JY901S,
WitMotion) was mounted on the chassis for motion control.
Batteries and the STM32-based controller were integrated into
the chassis such that the robot remained untethered. Table I
summarizes the technical specifications of the proposed robot.

B. Operational Modes

Fig. 2 illustrates the three different operational modes of the
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TABLE I
SPECIFICATIONS OF THE PROPOSED ROBOT

Normal (Quadrilateral four-wheel mode)
314 mm x 304 mm x 305 mm
Narrowest (Collinear four-wheel mode)

Size 594 mm x 142 mm x 305 mm
Lowest (Quadrilateral four-wheel mode)
314 mm x 347 mm x 185 mm
Weight 8.9 kg
Moving speed 0-2.5 m/s

Degrees of freedom
Angle limits of
forelegs

8 (2 per foreleg, 1 per wheel)
Pitch: —18°-126°
Yaw: 0°-90°

Fig. 2. Three operational modes. (a) Quadrilateral four-wheel mode.
(b) Collinear four-wheel mode. (c¢) Upright two-wheel mode.

1) Quadrilateral Four-Wheel Mode: The footprint of the
robot in this mode is quadrilateral, rendering the robot omni-
directional. The robot behaves as a normal Mecanum wheeled
mobile platform with an asymmetric wheel arrangement when
the forelegs remain stationary. However, the height and footprint
of'the robot vary because the relative positions of the four wheels
can be changed by moving the forelegs. For instance, the robot
can lower its height to pass through low-ceiling passageways
if necessary (Fig. 3(a)). Additionally, the performance of the
robot can be varied by changing its Mecanum wheel arrange-
ment. Particularly, the Mecanum wheel arrangement can switch
between Type-X (yaw angles are less than 90°) and Type-O
(yaw angles are greater than 90°). As reported in [17], the
Type-X arrangement exhibits better stiffness and dexterity to
achieve a more precise and stable omnidirectional movement.
Furthermore, the performance differs as to the size of footprints,
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Fig. 3.

Different operational modes for enhancing environmental adaptability.
(a) Passing through low-ceiling passageways by lowering the posture. (b) Passing
through narrow passages using the collinear four-wheel mode. (c) Transporting
an object using the upright two-wheel mode.

2) Collinear Four-Wheel Mode: The robot operates in this
mode if its forelegs are retracted, with the yaw joints maintained
constant at 90°. In this case, the four wheels are collinear and the
robot minimizes its footprint, particularly its width. This allows
the robot to pass laterally through narrow passages, as depicted in
Fig. 3(b). According to [18], although the four Mecanum wheels
are collinear, the robot can continue to move omnidirectionally.
The robot in this mode is not statically balanced. Therefore, it
must be considered as an inverted pendulum for dynamic balance
control with an IMU in the loop.

3) Upright Two-Wheel Mode: As depicted in Fig. 3(c), the
robot stands up and raises its two foreleg wheels in this mode,
behaving as a wheeled inverted pendulum and maintaining the
dynamic balance. The two forelegs serve as grippers, which
can be opened and closed by rotating the yaw joints. With an
appropriate dynamic balance control, the robot can pick up an
object from the ground with its forelegs, stand up, and carry the
object to its destination.

III. KINEMATICS AND CONTROL

Assuming that ¢; (=1, 2, 3, 4) denotes the angular velocity

of the i-th Mecanum wheel and [x U z/J]T represents the
body velocity of the robot, we derived the kinematic relationship
between ; and [# ] " in different modes.

A. Quadrilateral Four-Wheel Mode

Fig. 4 depicts the model of the robot operated in the quadri-
lateral four-wheel mode on a flat plane, where {O} denotes the
body-attached frame, with O located on the rear wheel rotation
axis in the center of the robot and the Z axis always pointed
vertically upwards. To simplify the control, the structures and
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Fig. 4. Modeling of the robot in the quadrilateral four-wheel mode. (a) Top
view. (b) Side View.

motions of the left and right sides were assumed to be symmet-
rical. We introduced ¢, and g, to denote the rotation angles of
the pitch and yaw joints on both sides, respectively.

The distances of the i-th Mecanum wheel relative to {O},
denoted as l;, and l;,,, varied with the motion of the pitch and
yaw joints. According to the geometric relationship shown in
Fig. 4, the distances can be specifically represented as

114 lly ly + 1, sin Qy — l{f ls3
log oy _ ly+1l,sing, — 1y g3 M
32 l3y l, o1’
141 l4y ZT 0
ha l:ly (la cos qy)qy l:s3
l.QI 1,2?4 — (lacosay)qy Ils3 7 @)
l3x l3y 0 0
iy 0 0

where [ 43 denotes the distance between the axles of the front and
rear wheels. Fig. 4(b) indicates that the robot can be equivalent
to a two segment mobile base. The equivalent parameters, such
as l41, l42, and O3 are

i _ h -
lso Vh% 412 cos? g,
Os3| _ |ap + arctan((l, cosgqy)/h) 3)
ls1 0 ’
l:sg (=124, singy cosqy)/ls2
_053_ L dp — (lath sin Qy)/ZEQ
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where h and [, represent the length of linkages indicated in
Fig. 4. Applying law of cosines in trigonometry yields

ls] V2 + 12y — 2l cosf
ls3 B (152152 - lslls2 COS 953 + l81152953 sin 953)/153 .
“)
The velocity (v, and v;,) of the i-th Mecanum wheel must
satisfy the following kinematic constraint:

Vip = SIN V4,

Viy = Vi + COS Vi = Ry + €OS vy,

)

where v;,- and v;,, denote the angular velocities of the roller and
wheel, a; denotes the angle between the roller and wheel axes,
and R,, represents the wheel radius. For the proposed robot,
a1 = ay = 45° and ay = a3 = —45°. Based on the assumption
that no slippage occurs between the wheel and ground, the
velocity of the i-th Mecanum wheel with respect to {O} can
be calculated with the body velocity of the robot and motion of
the forelegs, as

Vig Uiy T — lly'(@ + l:lac Y+ llaﬂ@ + l:ly — ng:sl
Vog Voy| | T —loy¥ —lop Y —log) +loy — Ryt
U3z U3y BREE lSyd) + l3’I‘ Y+ 137'11[) + i3y + Rwés2
Vie  Vay & —layh —law G — lagt) + lay + Rubso

(6)
where 0 and 65 denote the two equivalent angles indicated in
Fig. 4(b); 641 and 64 can be calculated based on (3) and (4).
Combining (5) and (6) yields the inverse kinematics of the robot,
as follows:

le i lly - l:la: _0'81
’ M 1 |loy — log —0,
NES RS e e B
©3 Rw /¢ Rw 0 952
c)b4 0 952
where
1 1 g+l
1 1 —loy — 1o
M = Y 8
1 1 l34 ®)
-1 1 —lyy

Note that the front and rear parts of the robot are asymmetric,
which differs from the conventional Mecanum wheeled mobile
robots. When & # 0, the torque generated by the frictional forces
is usually not zero. Consequently, the robot will turn slightly
under the action of frictional torque. An additional angular
velocity should be compensated to (7) to cancel the self-turning
motion and ensure the robot move laterally as intended. The
derivation of the additional angular velocity can be found in the
appendix, with the form as

the = At ©
with
nmy
=—, (10)
J(ap, ay)

where 7 is a linkage-related parameter that can be computed
with (24), m, refers to the mass of the robot, and J(qg,, g,)
represents the rotational inertia around the instantaneous center
of mass (CoM) described in {O} and can be approximately

Npol ;

(@)

Fig. 5. Model of the robot in the collinear four-wheel mode. (a) Top view.
(b) Side View.
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Fig. 6. Simplified model of the robot in the upright two-wheel mode. (a) Mass
distribution. (b) Parameters.

calculated with (22). Therefore, by subtracting Am;3 from m;
(m;; represents the elements of M), (8) becomes

“1-Alle +lhy) 1 lLe+ly
1+ A(ZQJL’ + l2 ) 1 _ZQ:E - 12
N = Yy Y
1— Als, 1 3 (in
1+ Alyy 1

B. Collinear Four-Wheel Mode

Fig. 5 depicts the model of the robot operating in the collinear
four-wheel mode, which can be considered as a unique case of
the quadrilateral four-wheel mode. Due to the frictional torque
cannot be self-canceled, the compensation of additional angular
velocity is also required. The velocity control of wheels in this
mode should ensure both movement and balance of the robot.
Therefore, we substituted ¢, = 90°, ¢, = 0°and ¢, = ¢, = 0in
(7) and (11) and introduced 6, to represent the tilt angle of the
robot to yield the inverse kinematics of this mode, as follows:

9.91 i ép
st N . 9p

2| = + | 12
9274 9;0

C. Upright Two-Wheel Mode

Fig. 6 illustrates a simplified model of the robot in the upright
two-wheel mode. As the foreleg wheels are lifted, the robot
is no longer omnidirectional and can not move laterally. The
foreleg wheels can be used to adjust the pitch angle of the
gripped object to maintain its initial orientation. The inverse
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] = — (A I . , (13)
¥3 Rw 1 Z3I 7? ep - 9d
Dy 1 —lyy 0, — 64
where

where 6, denotes the desired tilt angle of the robot when the
system is in the static equilibrium condition. Assuming that
the gravity moment around the rear wheel axis generated by

the concentrated masses ms and mj is denoted as [r2 73]7T,
the static equilibrium equation can be obtained as
T2 = T3, (14)
T2| (62l51 sinﬁp)mgg (15)
T3 B (53152 Sil’l(ep + ¢9q) — lsl sin 0p)m3 q ’

where €5 and e3 represent the correction coefficients that
approximate the gravity lever considering the mass of linkages,
which can be experimentally determined. As 03 = 0,, in the
static equilibrium, substituting (15) into (14) yields

83lsgm3 sin 933

0, = arctan

galsima + lsyms — e3lsoms cos by (16)
According to (3), because 053 and 5 are functions of ¢, and g,
0, is neither a constant nor unique during the lift-up process.

Fig. 7 depicts the process of the robot transporting an object.
First, the robot approaches the target object and grips it using the
two foreleg wheels. An effective way to ease the lift-up motion
and rapidly achieve a balanced state is to adjust mg to the rear
wheel axis as close as possible, such that the gravity of the upper
body contributes to the forelegs being raised to lift the object
when the robot moves forward. However, to prevent the robot
from self-interfering, the constraint /3 > 2 R,, must be satisfied,
resulting in

min

q,"" = arccos(B) — arctan((l, cos q,)/h), (17)

13+ - 4R,

B
2l81l32

Therefore, the robot should rotate the pitch joint to q;)ni“ to
adjust its CoM and prepare for lifting its forelegs. The robot
then lifts the object by coordinating the pitch joints and rear
wheels. After lifting the object, the robot can be controlled using
a proportional-integral-derivative (PID) controller to maintain
balance according to (13). The robot begins to move and trans-
ports the object to its destination. Finally, the robot placed the
object down and releases it.

D. Control Architecture

Fig. 8 illustrates the control architecture of the proposed
robot. The robot accepts inputs, such as an operational mode
indicator, a target posture and the moving velocity, either from
path planning or remote control. A finite-state machine was used
to manage the robot mode switching operations according to
the operational mode indicator and posture feedback. Therefore,
appropriate wheel kinematics were automatically identified for
three basic operational modes by the posture feedback. Two
PID controllers were implemented with the IMU data, to main-
tain balance in the collinear four-wheel and upright two-wheel
modes. Joint motion was generated if the robot was commanded
to switch to (out of) the upright two-wheel mode or change
its footprint (height or gripper state) by directly sending the
target posture. Accordingly, wheel motion caused by the joint
movement was coordinately generated based on the posture
feedback as it has been considered in the wheel kinematic model.
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Fig. 9. Test on mode switching and basic motion control.
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Fig. 10.  Additional angular velocity measured by IMU and calculated using
(9) when the robot is moving laterally.

IV. EXPERIMENTS

The effectiveness of the proposed design, kinematics and
control were verified by performing three tests. A demonstration
video of these three tests is provided in the supplementary
material (a demonstration video) is mentioned at the footnotes
on the first page of the paper, and can be downloaded on the
paper’s web page.

A. Verification of Mode Switching and Basic Motion Control

The first test was used to verify the robot kinematics derived in
Section III. In the first half of the test, the robot was telecontrolled
to move and vary the operational modes. Fig. 9 depicts the
images extracted from the demonstration video. During the test,
the robot exhibited the capability to smoothly complete a circular
movement in three different operational modes in sequence. Fur-
thermore, the robot successfully changed its height and footprint
while moving in the quadrilateral four-wheel mode.

In the second half of the test, we measured the additional
angular velocity in the quadrilateral and collinear four-wheel
modes. The robot was instructed to move laterally with three
different postures and a velocity of [x 0 O]T, where @ =
0.52sin(7t/2). In this case, if the angular velocity measured
by the IMU was not zero, it was considered to represent an
additional component generated by the frictional torque. Fig. 10
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Fig. 11. Desired and measured tilt angles, foreleg wheel angles, and pitch

joint angles during an object transportation process. (a) Plot of the desired and
measured tilt angles and their errors. (b) Plot of the wheel and joint angles.

presents the corresponding results. As indicated in the figure,
the plot calculated using (9) reflects the additional angular
velocity measured by the IMU, particularly in the quadrilateral
four-wheel mode, which verifies the derived kinematics of the
Mecanum wheels with asymmetric arrangements. The calcula-
tion accuracy of the CoM and rotational inertia dominates the
magnitude of errors. A comparison of the robot movement with
and without compensation was provided in the demonstration
video, which affirmed the necessity of considering the additional
angular velocity.

B. Evaluation of the Ability to Transport Objects

The second test evaluated the ability of the robot to trans-
port objects without using any additional auxiliary devices.
The robot was initially controlled to open its foreleg-wheel
gripper and then close it to grip a red box with dimensions of
112 mm x 120 mm x 84 mm, which weighted 122.4 g. The
box was placed down after transporting it for a short distance.
Fig. 11(a) depicts the desired and measured tilt angles (6; and
6,) and their errors observed during the entire transportation
process. The mean error between 4 and 6, was approximately
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Fig. 12.
mode.

Testing the ability of the robot to maintain the upright two-wheel

Fig. 13.

Testing the applicability of the robot.

3.48°, which indicated that the actual tilt angle maintained its de-
sired value under the proposed control. Consequently, the robot
maintained its balance throughout the transportation. Fig. 11(b)
plots the foreleg wheel angles (¢1 and 5) required to maintain
the top surface of the object horizontal and the pitch joint angles
(gp) corresponding to the four phases. As observed in the video
and figure, the robot adjusted the CoM by reducing the pitch
angles, which was beneficial for preparing for lifting. After that,
the desired tilt angle was initialized. The lifting action was then
achieved by rapidly increasing the pitch joint angles and moving
forward coordinately, resulting in rapid decrease of the actual
tilt angle. Once the object was lifted, the pitch joints could no
longer move, and the desired tilt angle remained constant while
the robot maintained its balance through the motion of the rear
wheels.

Tests were also conducted to verify the ability of the robot
to maintain the upright two-wheel mode under external distur-
bances, as presented in Fig. 12. In the tests, the robot demon-
strated adequate robustness against external disturbances, such
as kicking with legs, hitting with a stick, and unexpected changes
in object weight, and successfully maintained the upright two-
wheel mode.

C. Demonstration of the Applicability to Complex Missions

A third test was conducted to demonstrate the applicability of
the proposed robot. Fig. 13 depicts the images extracted from the
demonstration video. During the test, the robot sequentially and

2, FEBRUARY 2024
s RA-L paper.
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Fig. 14.  Simplified model for deriving the additional angular velocity.

continuously passed through confined passages with restricted
heights or widths, picked the target box, carried it, and passed
through a raised barrier to reach the destination. This test demon-
strated that the robot can be employed for complex missions that
require transformation and object transportation.

V. CONCLUSION

In this study, we developed a novel transformable multi-
mode leg-wheeled mobile robot. The unique configuration of
the foreleg and Mecanum-wheels enabled the robot to exhibit
three different operational modes and switch between any two
modes without external assistance. The robot not only remained
omnidirectional when operating in the quadrilateral or collinear
four-wheel mode but varied its height and footprint to pass
through confined spaces. Moreover, in the upright two-wheel
mode, the robot was capable of utilizing its unique integrated
foreleg-wheel mechanism to transport objects. The kinematics
and control of the three operational modes were proposed and
experimentally verified. We found that an additional angular
velocity existed for the mobile robots with four Mecanum
wheels, wherein the front and rear parts were asymmetrically
arranged. The robot demonstrated favorable trafficability and
object-transportation abilities.

In the future, we intend to study and improve the performance
of the proposed robot when transporting objects and evaluate
the control accuracy of complex motions considering multiple
operational modes. Additionally, we plan to install appropriate
external sensors for the robot to sense the local environment and
autonomously switch to the appropriate operational mode.

APPENDIX

In this section, we derived the additional angular velocity
caused by the frictional torque when & # 0. Fig. 14 depicts
a simplified model for analyzing the friction forces. For the
i-th Mecanum wheel, its friction force maintain the following
relationship:

fiy = —cot a fiz, (18)

with a3 = ay = 45° and ay = ag = —45° for the proposed
robot. Considering the nonuniform mass distribution, the friction
forces applied on the front and rear wheels satisfy

me = kflaca fo = _k.fly

f4a; = _kazv f4y = _kay, (19)
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TABLE I
TABLE OF PARAMETERS FOR THE PROTOTYPE

Parameter | Unit | Value | Parameter | Unit | Value
h m 0.136 la m 0.168

ly m 0.068 Ly m 0.096

lp m 0.039 ly m 0.119

by m 0.060 by m 0.060

bw m 0.051 Ry m 0.063

R, m 0.030 R, m 0.030
ma kg 2.344 ms kg 2.120
myp kg | 0.586 my kg | 0.586
My kg 1.060 my kg 6.584

where k = (Is3 — ley)/ley, and (leq, ley) is the center of mass
described in {O}, as follows:

leg =0
lcy = I:Z mzwlzy —+ Q(mp -+ my)lsl COS 052 /m”r’a (20)

where m.,, mp, and m,, denote the mass of wheel, pitch and yaw
joints, respectively; m,. = > my, + 2(m, + m,) considering
that the four wheels, two pitch and two yaw joints contribute to
more than 74% of the robot mass.

According to the Newton’s law, the robot motion can be
expressed as

/ Z fizdt = m,. o
/ [flyllw - f2yl2x + f3yl3w - f4yl4x - flw(ls?) - lcy)

_f213(l33 - lcy) + melcy + f4xlcy] dt = J(q;m Qy)'ﬁz}ea
21)

where J(gp, g,) represents the rotational inertia around the in-
stantaneous center of mass; 1) represents the additional angular
velocity caused by the asymmetric friction torque. J(gp, g,) can
be approximately calculated as follows:
T(pr@y) =D Jiw + 20, + 2, (22)

with

b121) R12u 2 2
Jiw =My | — + T+ Mgy [lm + (l(y - lzy) }

12 4
by, | B 2, 2
Jp, =m, ot T [(ley — Ls1 cosOs2)* 412
1
Jy = §myR§ + My [(lcy — 41 cos 952)2 + li] ,

where by, by, and b, denote the height of cylindrical wheels,
pitch and yaw joints, R,,, I?,, and R, represent their radii, and
I, and [, are indicated in Fig. 14. Applying (18) and (19) to (21)
and eliminating the friction force components yield
'l/.}e = Ul T,

23
J(qp- ay) @)

where
—lig — log + klsgp + klay — 2(ls3 — ley) + 2kley
= . (24
g 21+ k) @4

Table II summarizes the parameters for the robot prototype.
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