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Tip-over stability analysis is critical for the success of mobile manipulation of the dual arm, especially in the cases that the dual arm
or the mobile platform moves rapidly. Due to strong dynamics coupling between the dual arm and mobile platform, online
evaluation of dynamic stability of the mobile dual-arm robot still remains challenging. *is paper presents an improved tip-over
moment stability criterion dealing with the dual arm and mobile platform interaction and proposes an algorithm for calculating
the tip-over stability margin of the arm end in the workspace to analyze the dynamic stability of the wheeled mobile dual-arm
robot. *e simulations on a four-wheeled mobile dual-arm robot validate the correctness and feasibility of the proposed method.

1. Introduction

*e wheeled mobile dual-arm robot (WMDAR) is an
emerging class of robots which have capabilities of both
moving and manipulation. *e WMDAR is usually human-
robot collaboration, enabling it to be widely employed in
home service, restaurant service, and medical treatment
[1–3]. However, the WMDAR is a kind of system with
unstable structure, which may tip-over under the action of
different dynamic factors or external interference, especially
for the mobile service robot with small mobile platform,
large variation of system mass distribution, and bearing
extraload in work.

Currently, some tip-over stability criteria have been
applied in mobile robots [4–9]. Among the many stability
criteria, the zero moment point (ZMP) is the most popular.
Sugano et al. presented concepts of the stability degree and
the valid stable region based on the zero moment point
(ZMP) [7]. Korayem et al. proposed an algorithm for de-
termining the maximum load carrying capacity of a mobile
manipulator considering tip-over stability based on the ZMP

for the obstacle environment [8]. Kagami et al. [9] described
a fast dynamically equilibrated trajectory generation method
for a humanoid robot based on the relationship between the
robot’s center of gravity and the ZMP. However, if the center
of mass of the robot system changes, ZMP is not sensitive to
the stability of the system. *erefore, Papadopoulos and Rey
defined the tipping stability margin according to the force-
angle (FA) margin criterion and described a real-time
rollover prediction and prevention scheme based on static
and dynamic force-angle measure [10, 11]. *is criterion
ignores the reaction force and moment of the manipulator
acting on the moving platform. *en, Moosavian and Ali-
pour proposed a moment-height stability (MHS) measure
for the wheeled mobile robot considering robot dynamics
and system gravity center [12–15]. In addition, some other
stability criteria were applied to the stability detection of the
mobile manipulator. Ghassempoor and Sepehri proposed a
method to measure the stability according to the energy level
of the moment acting on the support boundary [16]. A
method was presented for tip-over stability analysis of a
wheeled mobile manipulator based on tip-over moment by
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Guo et al. [17] *e normal bearing force criterion [18] re-
quires force sensors to measure the bearing force, which is
costly. At present, many works have been performed on the
tip-over stability criterion of the mobile robot, but, at the
same time, some papers focus on the mobile robot tip-over
avoidance algorithm.

Moubarak and Ben-Tzvi [19] proposed a global optimal
attitude convergence algorithm for redundant serial robots,
which can prevent tipping without considering the influence
of joint velocity and acceleration on tipping stability. Rey
and Papadopoulos [11] used the FA measure method for
initial configuration of the robot to avoid the robot tipping
over. Based on an adaptive neural fuzzy algorithm, Li and
Liu [20] utilized self-motions of redundant mobile ma-
nipulators to improve a robot’s stability. Ding et al. [21]
proposed a real-time tipping avoidance algorithm to reduce
the transmission of tipping torque by adjusting the ma-
nipulator posture or changing the robot speed, which can
effectively avoid the robot tipping. Many environments and
scenarios contain rough and irregular terrain and are dif-
ficult for robots. Agheli and Nestinger [22] presented a
multilegged reactive stability control method for main-
taining system stability under external perturbations. Feng
et al. [23] introduced a new method for evaluating the
stability of robots in rugged terrain and proposed an al-
gorithm for automatically realizing self-balancing of robots.
Kashyap and Parhi [24] utilized the LIPM plus flywheel
model (LIPPFM) for analysis of the complete dynamic
motion of the humanoid robot. It can be seen that the
previous research on the stability maintenance of the robot
motion process mainly focused on the attitude change of the
manipulator of the single-arm mobile robot through the
analysis of the above literature. However, there is no re-
search on the attitude change of the two arms and the
overturning compensation caused by the speed and accel-
eration of the two arms.

In this paper, an improved tip-over moment stability
criterion is proposed dealing with dual-arm and mobile
platform interaction. Meanwhile, an algorithm for calcu-
lating the tip-over stability margin of manipulator work-
space is also presented to analyze the dynamic stability of
WMDAR. *is paper proposes a method to study the sta-
bility of WMDAR, and this algorithm is very important for
the follow-up research. *e dynamic stability of the robot
can be studied by integrating the algorithm into the control
elements, which lays a foundation for the trajectory planning
of the robot to tip-over avoidance.

*is paper is divided into six sections. *e kinematics
and force model of this robot are analyzed in Section 2. An
improved tip-over moment stability criterion is presented in
Section 3. *en, in Section 4, the workspace pose dis-
cretization is solved and an algorithm for calculating the tip-
over stability margin of the manipulator is proposed. In
Section 5, simulation in MATLAB software is carried out in
order to validate correctness of this improved tip-over
stability criterion and an algorithm for calculating the tip-
over stability margin of workspace to analyze the stability of
WMDAR is proposed, and in Section 6, some conclusions on
them are drawn.

2. Kinematic and Force Model of the Wheeled
Mobile Dual-Arm Robot

2.1. KinematicModel of theWheeledMobile Dual-ArmRobot.
*eWMDAR consists of a four-wheel mobile platform, a waist,
and the dual arm mounted on the mobile platform, depicted in
Figure 1. *e four-wheel mobile platform is composed of a
platform, two driving wheels, and two driven wheels, in which
two drivingwheels go forward or turn through differential drive.

To describe themotion of theWMDAR, coordinate systems
were established, i.e., the world frame OWXWYWZW, the robot
body frame OSXSYSZS, the left arm frame OLXLYLZL, the end
frame of left arm OLLXLLYLLZLL, the right arm ORXRYRZR,
and the end frame of right arm ORRXRRYRRZRR, as shown in
Figure 2(a). And, m is the mass of the mobile platform and the
body, and OC is the center of mass of the mobile platform and
the body. In the four-wheel mobile platform, points p1, p2, p3,
and p4 are the contact points between the mobile platform and
the ground and the four black solid lines connecting the adjacent
two points are the four tip-over axes of the robot system, as
shown in Figure 2(b).Meanwhile, the relevant parameters of the
robot system are shown in Table 1, and the position parameters
of the point in the table are expressed in the reference coordinate
frame OSXSYSZS.

*en, the transformation matrices between different frames
are given as follows, and the pose of the end of the arm could be
obtained by the screw theory [25], as shown in equation (3):

W
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. (3)

For the sake of simplification of analysis and computations
conducted in the paper, the following assumptions are made:

(1) *e ground is even, and no surface shrinkage is
considered
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(2) All wheels are always in point contact with the
ground, i.e., no slippage of the wheels occurs

(3) *e dual arm and body are rigidly connected with
the platform, and the links and joints of the ma-
nipulator are rigid

(4) *e mobile platform and the body were taken as a
whole because the influence of the robot’s body
motion is not considered in this paper.

2.2. Force Model of the Wheeled Mobile Dual-Arm Robot.
In this paper, the dynamic model was mainly aimed at the
dynamic model of the manipulator. *e force/moment of

the arm end to joint 1 can be obtained through the iterative
relationship between the links based on the Newton Euler
method and screw theory.

2.2.1. .e Speed of Link. *e Jacobian matrix of each link
can be obtained by combining the Newton Euler method
and screw theory, as shown in the following equation:

Ji � Ad
eξ̂1θ1

ξ1, . . . , Ad
eξ̂iθi

ξi, . . . , 0􏽨 􏽩, i � 1, 2, . . . , n. (4)

*erefore, the relationship between the speed of each
joint and the speed of the ith link was

Vi � Ji
_θ. (5)

2.2.2. .e Acceleration of Link. *e acceleration of each link
can be calculated by deriving the following equation:

_V � Ji
€θ + _Ji

_θ, (6)

where _Ji � [V0 × Ad
e
􏽢ξ1θ1

ξ1, . . . , Vi−1 × Ad
e
􏽢ξiθi

ξi, . . . , 0], i �

1, 2, . . . , n, where V0 is the velocity of the base (body and
mobile platform) in equation (5).

Figure 1: Model of the wheeled mobile dual-arm robot.
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Figure 2: Coordinates’ system definition. (a) Dual-arm robot system. (b) Platform system.

Table 1: Related parameters of the robot system.

Parameters Values
p1(m) [0.604, 0, 0]
p2(m) [0, 0.604, 0]
p3(m) [−0.604, 0, 0]
p4(m) [0,−0.604, 0]
Or(m) [0,−0.399, 1.278]
Ol(m) [0, 0.399, 1.278]
Oc(m) [0, 0, 0.0658]
m(kg) 60

Journal of Robotics 3



2.2.3. Force/Moment Equation of Link. *e force balance
equation of ith link can be obtained, as shown in the fol-
lowing equation:

wi � w
J
i − w

J
i+1 + w

G
i + w

E
i � Ii

_V + Vi ×
∗
IiV, (7)

where w
J
i is the generalized joint force/moment produced by

the ith joint, w
J
i+1 is the generalized joint force/moment

produced by the joint i + 1 exerted on link i, wG
i is the force/

moment of gravity exerted on link i, wE
i is the sum of other

external forces/moment, Ii � Ad∗

e
􏽢ξiθi

Ii0(Ad∗

e
􏽢ξiθi

)T, Ii is the

space inertia of the current manipulator configuration, and
Ii0 is the spatial inertia of the link i in the initial configu-
ration of the manipulator. *e above formula was derived
from the arm base coordinate frame (for example, coordi-
nate frame OLXLYLZL for left arm). *e force/moment
balance equation of joint i can be obtained by combining the
Newton Euler method and screw theory, as shown in the
following equation:

w
J
i � w

J
i+1 − w

G
i − w

E
i + Ii

_V + Vi×
∗
IiV. (8)

Equation (8) provides a reverse iterative method to
calculate the joint constraint force/moment, which can be
calculated from the end effector to the last joint n of the arm
until joint 1.*e constraint force/moment on joint 1 and the
force/moment of the arm acting on the body and mobile
platform are reciprocal from Figure 3.

3. Improved Tip-Over Moment
Stability Criterion

In this section, we have derived a new tip-over moment
stability criterion for WMDAR with consideration of dual
arm-mobile platform interactions. Figure 3 depicts the
various forces and moment exerting on the body and mobile
platform. *e reaction wrench from the arm onto the body
and mobile platform is expressed as −w1 based on Section

2.2, and the force/moment consists of components in three
directions, as shown in the following equation:

−w1 � f
T
M, m

T
M􏽨 􏽩

T
, (9)

fM � f1x f1y f1z􏽨 􏽩
T
,

mM � m1x m1y m1z􏽨 􏽩
T

.

⎧⎪⎨

⎪⎩
(10)

*e tip-over moment (TOM) on the tip-over axis (TOA)
aii+1 can be calculated through the above calculation:

TOMi � fg × li􏼐 􏼑 · aii+1 + 􏽘

k

j�1
mM · aii+1( 􏼁 + fM × di( 􏼁 · aii+1􏼂 􏼃 (k � 1 and 2). (11)

*e first item in equation (11) is the moment of gravity
exerting on the TOA of the body and mobile platform. *e
second item is the moment of the force and moment pro-
duced by both arms exerting on the TOA. In this paper, the
robot system was divided into three modules, the body and
mobile platform, the left arm, and the right arm. *erefore,
fg denotes the gravity of the body and mobile platform.*e
gravity of the body and mobile platform and the force/
moment of the left or right arm exerting on the TOA for the
robot system play an important role in the stability of the
system.

If tipping occurs, the robot will tip over outward along
the TOA formed by two adjacent wheels, where aii+1 rep-
resents a unit vector for the TOA, which can be obtained by

the coordinates of two adjacent wheel-terrain contact points
(npi,

npi+1), i.e.,

aii+1 �
npi+1 − npi

npi+1 − npi

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌
. (12)

According to the dynamic method of the rigid body
translation, the moments of both arms and body and mobile
platform relative to the TOA aii+1 were calculated. For the
WMDAR, the minimum TOM exerting on TOA of the
mobile platform is as follows:

TOM � min TOM1,TOM2, . . . ,TOMn􏼈 􏼉. (13)

Equation (13) indicates that when the minimum TOM of
the robot system is less than 0, that is, the TOM of the robot
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Figure 3: Force and moment model of the WMDAR.
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system along the TOA is outward, the robot system will tip
over. *erefore, the tip-over stability margin (TOSM) is
defined as

φi �
TOMi

TOMnorm
, (14)

φ � min φ1,φ2, . . . ,φn􏼈 􏼉, (15)

where TOMnorm represents a constant value, which is the
minimum TOM exerting on TOA when the WMDAR is in a
steady state, that is, TOMnorm > 0. *erefore, the stability of
the WMDAR system can be determined by the TOSM.
When φ> 0, that is, the minimum TOM on the TOA will be
greater than 0, and the WMDAR system will be stable;
however, when φ< 0, it means that the moment on the TOA
is outward, which means that the system may tip over.

4. Calculating TOSM in the Arm Workspace

4.1. Position Discretization of Arm Workspace. In order to
study the influence of armmotion on the tip-over stability of
WMDAR, the workspace of the arm should be discretized. In
this paper, we used the following method to solve the arm
workspace discretization and chose the left arm to introduce
the position and posture discrete method. Firstly, a sphere
whose radius is the total length L of the arm was established
based on the coordinate system (OLXLYLZL). *en, the
radius of the sphere was divided into Nr parts, and all
spheres with radius from the coordinate origin to each bi-
section point were established. *e radius calculation for-
mula of all spheres is as follows:

rs �
kL

Nr

k � 1, 2, . . . , Nr( 􏼁. (16)

*e distribution points on the surface of each sphere
were taken, as shown in Figure 4, and all the distribution
points can constitute the discrete workspace points of the
arm.

Assuming that the radius of the sphere is rs, the position
of distribution points can be obtained by the following
formula based on the coordinate system (OLXLYLZL):

θi �
2i − Na − 2( 􏼁π

Na

, (17)

ϕj �
2i − 1 − Nb( 􏼁π
2 Nb − 1( 􏼁( 􏼁

, (18)

x � rs cos θi cos ϕj,

y � rs sin θi cos ϕj,

z � rs sin θi,

⎧⎪⎪⎨

⎪⎪⎩
(19)

pi,j,s � [x, y, z]
T
, (20)

where Na and Nb represent the step size of θ and ϕ, re-
spectively, that is to say, they indicate the density of dis-
tribution points on the surface of the sphere.

4.2. Pose Discretization of the Arm Workspace. *ere are
many possibilities for the pose of the end at this distribution
point, which will affect the configuration of the arm.
*erefore, the pose of the end was discretized to study the
tip-over stability of WMDAR, in which the arm has different
configuration. Firstly, a sphere with radius of 1 was estab-
lished on the workspace point, and the center of the sphere
coincides with the workspace point. A spherical coordinate
system with the center of the sphere as the origin was
established on the sphere.*en, the position of each uniform
point on the surface of the sphere relative to the spherical
coordinate system was solved by using the uniform distri-
bution algorithm [26], as shown in Figure 5(a).*e positions
of these uniform points can be calculated by the following
formula:

θk � arccos hk( 􏼁,

hk � −1 +
2(k − 1)

Np − 1
1≤ k≤Np􏼐 􏼑,

βk � βk−1 +
3.6
Np

1
�����

1 − h
2
k

􏽱⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠(mod(2π)) 2≤ k≤Np − 1􏼐 􏼑.

(21)

When k � 1 or k � Np, β1 � βNp
� 0:

xk � sin βk cos
βk

2
,

yk � sin βk sin
βk

2
,

zk � cos
βk

2
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

pk � xk yk zk􏼂 􏼃
T
.

(22)

*en, we take the direction from the sphere center to
each uniform point as the z-axis direction of each discrete
pose coordinate system, and the direction of the x-axis can
be set arbitrarily, as shown in Figure 5(b). *erefore, the

z

x y

Figure 4: Discrete workspace of the manipulator.
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pose matrix of all the discrete pose coordinate systems
relative to the sphere coordinate system on a workspace
point can be expressed as follows:

Rk � Rz,βk
Ry′,θk

�

cβk
−sβk

0

sβk
cβk

0

0 0 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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−sβk
cβk

sθk

sβk
cθk

cβk
sβk

sθk

−sθk
0 cθk

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(23)

where Rz,βk
denotes the matrix after rotating βk around z-

axis, Ry′ ,θk
denotes the pose matrix after rotating θk around

y-axis, and s and c are the abbreviations of sin and cos,
respectively.

*e pose matrix of each discrete pose coordinate system
to the sphere coordinate system is shown as follows:

Tk �
Rk 0

0 1
􏼢 􏼣. (24)

*e pose matrix of all the points in the workspace rel-
ative to the base coordinate system (OLXLYLZL) of the arm
through equation (20) can be obtained:

Ti,j,s,k �
Rk pi,j,s

0 1
􏼢 􏼣. (25)

4.3. Calculation of TOSM of the Arm Workspace. *e
discrete pose of a point in the workspace can be obtained by
equation (25).*e inverse kinematics analysis shows that the
pose will correspond to eight groups of configurations of the
armwhen the end of the arm is in this pose (if the end cannot
reach the point, there is no solution). *e joint angle of each
group arm configuration can be obtained according to the
inverse kinematics analysis, and the force/moment of joint 1
can be obtained by arm dynamics. *en, the TOSM of each
pose can be calculated based on Section 3. *e TOSM in the
workspace point of the arm was defined as the minimum
TOSM of all configurations corresponding to all discrete
poses on the workspace point was taken as the TOSM of this
point:

ψ � min φi,j􏽮 􏽯,
i � 1, 2, . . . , Np,

j � 1, 2, . . . , 8.
􏼨 (26)

*e TOSM of each workspace point represents the tip-
over stability of the system when the end of the arm is
located at the point. When ψ > 0, it indicates that the system
is always in a stable state, and the larger the value, the better
the stability of the system; otherwise, when ψ < 0, the system
may tip over.

5. Motion Analysis of Tip-Over Stability of
WMDAR System

We proposed a modular decomposition method in order to
verify the correctness of algorithm calculated TOSM. Firstly,
the body and mobile platform, left arm, and right arm of the
robot system were divided into three modules. In this paper,
we keep the right-arm module as the initial state in the
simulation calculation, as shown in Figure 2(a), and the
influence of the right arm on the stability of the robot system
is only the gravity. At the same time, we control the
movement of the left-arm module and study the influence of
arm motion on the stability of the robot system.

5.1. Static Case. In this section, the tip-over stability of the
robot system was studied when the left arm was in a static
state in its workspace. *e discrete parameters of workspace
points were selected as follows: Nr � 20, Na � 31, and
Nb � 31. *e joint velocity and acceleration of the arm were
both 0, and the end load of the arm was 5 kg. *e number of
uniform discrete pose in the workspace point was taken as
follows: Np � 40. *en, the TOSM of the robot system at
each workspace point was solved through combining with
the relevant parameters of the robot, and the TOSM of each
workspace point in its workspace is drawn, as shown in
Figure 6.

Each ball represents a workspace point of the arm, and
the color of the ball reflects the size of the TOSM at this
point. *e maximum tip-over stability margin is 0.91, the
minimum is 0.69, and the average is 0.80 from the simu-
lation results. In addition, it can be seen that the shape of
the discrete space is not a sphere, but a flat shape in the y-
axis direction, which is due to the particularity of the
modular manipulator configuration. *ere is little differ-
ence in the ψ value in the static workspace from Figure 6.
When the position of the arm end is farther away from the
origin of the base coordinate, the value of ψ becomes
smaller and smaller, that is, the stability of the robot system
is worse. From the sectional view, it can be seen that the
value of ψ close to the origin of the coordinate system is
larger, that is, the better the stability of the robot.

5.2. Joint Speeds’ Case. *e purpose of considering joint
speeds is to investigate the effect of the coupling term due to
centrifugal forces and gyroscopic moments on tip-over
stability. In this section, all joint accelerations are set to zero.
*ere are many kinds of joint speeds of the arm in any

(a) (b)

Figure 5: Uniform points on the discrete spheres and their Z-axis
distribution.
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possible configuration of the arm. In order to find out the
situation that has a great impact on the tip-over stability of
the robot system, the configuration of the arm was calcu-
lated, as shown in Table 2. *e speed of the first three joints
was set to change from −π/2 to π/2, at the same time, and the
load at the end of the arm was 5 kg, and then, the change of
system TOSM with angular velocity can be obtained, as
shown in Figure 7.

It can be seen from Figure 7 that the TOSM values in the
forward and reverse directions are symmetrical under the
three configurations, and when the joint speed is 0, the TOSM
values of the three configurations are the largest, that is, the
system stability is the best. When the first three joint speeds of
the arm are at the maximum value in the forward direction or
the maximum value in the reverse direction, the TOSM of the
robot system is the minimum, that is, the stability of the robot
system is the worst. *erefore, the maximum value of joint
speed was considered, that is, the case of the first three joints
with π/2 rad/s.

*e joint speed of the first three joints of themanipulator
was set as _θ1 � π/2 rad/s, _θ2 � π/2 rad/s, and _θ3 � π/2 rad/s,
while the joint speed of the last three joints was 0. *en, the
robot system TOSM of each workspace point can be

obtained, and the TOSM of arm workspace was drawn, as
shown in Figure 8.

*e maximum TOSM is 0.83 and the minimum is 0.22
from Figure 8. *e TOSM in the whole workspace is greater
than 0, which means that the robot is always in a stable state.
*e difference between the maximum value and the minimum
value is 0.61 from the color distribution. Moreover, when the
position is farther away from the origin of the base coordinates
on the X-Y plane, the TOSM tends to be smaller, that is, the
stability of the robot is the worse. It can be seen from the
sectional view that the TOSM in the area close to the origin is
relatively large, that is, the stability of the robot system is better.

5.3. Joint Accelerations’ Case. *e purpose of considering
joint accelerations is to investigate the effect of inertia forces
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Figure 6: TOSM of the system in the workspace under the static condition. (a) Axonometric view. (b) Section view. (c) X-Y plane. (d) X-Z
plane.

Table 2: Different configurations of the manipulator.

Arm configuration Joint angle (rad)
1 [π/2, π/2, π/2, 0, 0, 0]
2 [π/3, π/3, π/3, 0, 0, 0]
3 [π/6, π/6, π/6, 0, 0, 0]
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Figure 7: Variation of tip-over stability margin with joint speed in different configurations.
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Figure 8: TOSM of the system in the workspace under the speed condition. (a) Axonometric view. (b) Section view. (c) X-Y plane. (d) X-Z
plane.
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Figure 9: Variation of TOSM with joint acceleration in different configurations.
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Figure 10: TOSM of the system in the workspace under the acceleration condition. (a) Axonometric view. (b) Section view. (c) X-Y plane.
(d) X-Z plane.
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and moments on tip-over stability. In this section, all joint
speeds are set to zero as well. *ere are many kinds of
accelerations of each joint in any possible configuration of
the manipulator. In order to find out the situation that has a
great impact on the tip-over stability of the robot system, the
angular accelerations of the first three joints were set to
change from −π/2 rad/s2 to π/2 rad/s2 at the same time; the
three configurations of the arm are shown in Table 2. *en,
the change of TOSMwith joint acceleration can be obtained,
as shown in Figure 9.

It can be seen from Figure 9 that the TOSM of con-
figuration 1 is symmetrically distributed in the forward and
reverse directions, and the minimum value is obtained at
−π/2 rad/s2 or π/2 rad/s2, and the stability of the system is the
worst. However, configuration 2 and configuration 3
gradually increase with joint acceleration, and the worst
stability of the system is at −π/2 rad/s2. *erefore, the ac-
celerations of first three joints were set as €θ1 � −π/2 rad/s,
€θ2 � −π/2 rad/s, and €θ3 � −π/2 rad/s, while the joint accel-
eration of the last three joints was 0. *en, the robot system
TOSM of each workspace point can be obtained, and the
TOSM was drawn, as shown in Figure 10.

*e TOSM in the whole workspace is greater than 0 from
Figure 10, which means that the robot system is always in a
stable state. *e maximum and minimum values of TOSM
are 0.89 and 0.60, respectively. *e TOSM in the negative
direction of the X-axis is smaller than that in the positive
direction of X-axis from the color distribution, so the sta-
bility of the system is worse. In addition, it can be seen from
the sectional view that the most stable region is still in the
origin.

Comparing the results of the three cases, the TOSM data
of the system are shown in Table 3.

It can be seen that, under the same load, the stability of
the system is the worst under the speed cases, and the ac-
celeration case is the second; the stability of the system under
the static condition is the best.

6. Conclusion

In this paper, the force and moment of the arm have been
analyzed by kinematics and dynamics, and an improved tip-
over moment stability criterion for a WMDAR system was
presented. *en, a new method for calculating TOSM was
derived based on the improved tip-over moment stability
criterion for tip-over stability analysis, and three cases were
simulated.*e static, joint speed, and joint acceleration cases
were simulated with the conclusion that the end position of
the whole arm, angular velocity, and angular acceleration
determine the stability condition. *e results show that the
WMDAR system exhibits overall tip-over stability within the

given range of static loads, joint speeds, and accelerations.
*is paper proposes a method to study the stability of
WMDAR, and this algorithm is very important for the
follow-up research.*e dynamic stability of the robot can be
calculated by integrating the algorithm into the control
elements, which lay a foundation for the trajectory planning
of the robot to tip-over avoidance.
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