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Abstract

Mobile cable-driven parallel robots (MCDPRs) is a novel concept of cable-driven parallel robots (CDPRs) developed by
mounting several mobile bases to discrete the conventional fixed frame. However, the additional mobile bases introduce more
degree-of-freedom (DoF), thereby causing the kinematic redundancy. Moreover, mobile bases are susceptible to disturbances
causing inconsistent performance. Hence, path planning of MCDPRs becomes a challenging issue due to various internal and
external constraints involved. In this article, an optimization-based path planning method is proposed for MCDPRs in highly
constrained environments with considering kinematic stability. The proposed approach quickly generates feasible paths for
coupled mobile bases by using the developed multi-agent rapidly exploring random tree (MA-RRT). In this process, the
tree can share information through the heuristics method to optimize the path, and the adaptive sampling strategy is thus
proposed to increase the tree growth efficiency by self-adjusting sampling space. Moreover, the developed dynamic control
checking method (DCC) is integrated with MA-RRT to smooth the path and the kinodynamic constraints of mobile bases can
be satisfied. To generate the path of the end-effector, two performance metrics are designed considering the kinematic and
stability of the MCDPR. Based on the performance metrics, the grid-based search method is developed to generate the path
for the end-effector. Finally, the convincing performance of the proposed method is revealed through the dynamic simulation
software (CoppeliaSim) and real-world experiments based on a self-built MCDPR prototype.

Keywords Mobile cable-driven parallel robot - Rapidly exploring random tree - Stability and kinematic performance -
Optimal sampling-based path planning

Introduction are responsible for actuating the end-effector to the desired

position. Owing to the large workspace and higher payload-

Cable-driven parallel robots (CDPRs) are categorized as a
particular type of parallel manipulator. In CDPRs, multiple
flexible cables that reel around a fixed winch-pulley system
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to-weight ratio, CDPRs are promising for several industrial
applications such as picking and placing heavy loads, grasp-
ing, space and terrestrial applications [1-3].

Although CDPRs provide significant advantages in numer-
ous applications, several challenges still exist. As an exam-
ple, CDPRs are generally available with a large workspace,
which imposes a strong requirement for the safety issue [4].
The radiate structure of cables increases the risks of cable—
cable and cable—environment interferences, especially when
CDPRs have a large number of cables in a cluttered envi-
ronment [5]. Due to the conventional CDPRs having a fixed
frame, the cable span dominates a large space during the
motion of the end-effector [6], which results in restricted
flexibility for CDPR.

Consequently, CDPRs require further development to
improve adaptation to environmental and task requirements
[7]. Based on the concept of reconfiguration, reconfigurable
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Fig. 1 A self-built MCDPR prototype that is designed to perform a
variety of manipulation tasks in a complex environment

cable-driven parallel robots (RCDPRs) were developed, in
which the cable’s attachment points on the frame and the
cable’s anchor points on the end-effector of pulleys can be
altered [8]. However, the existing RCDPR systems have lim-
ited reconfigurability, such as having a guideway with limited
length or requiring manual intervention. These drawbacks of
conventional RCDPRs lead the reconfigurable operations to
be time-consuming and costly to use.

To extend the reconfigurability of RCDPRs, as shown
in Fig. 1, a mobile cable-driven parallel robot (MCDPR) is
developed in this work to make it automatically be configured
according to the desired task. The developed MCDPR is com-
posed of a six degree-of-freedom (DoF) end-effector pulled
by eight cables mounted on four mobile bases. A mobile base
consists of a differential wheeled robot and a lifting column.
Thus, MCDPR can be moved freely with the wheeled robots,
and the position of the pulley can be adjusted by using the
lifting column.

However, the kinematical redundancy of MCDPRs is
increased due to more DoF given by additional mobile
bases. These mobile bases are coupled to each other by
multiple cables, resulting in complex constraints and a high-
dimension regime. In addition, the mobile base is susceptible
to cable tension and becomes unstable, which also affects
the available workspace for MCDPRs [9]. Hence, the path
planning of MCDPRs becomes a challenging problem and
requires to be addressed. In consequence, for displacing the
end-effector from the starting point to its destination, feasi-
ble and optimal paths are required to be generated for each
mobile base and the end-effector simultaneously.

For CDPRs, path planning is a challenging issue due
to various constraints such as cable tension, workspace,
collisions, and obstacle avoidance. In particular, MCD-
PRs involve in the high-dimensional cooperative pathfinding
problem as a result of the coupled mobile bases and end-
effector. Accordingly, Jiang et al [10] developed a dynamic
point-to-point trajectory planning point trajectory planning
method for a CDPR with six DoF. More recently, Ida et al.
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[11] proposed a rest-to-rest trajectory planning method of
CDPRs with the given motion time and path profile. How-
ever, these studies only considered an underactuated CDPR
in an environment without obstacles.

In a cluttered environment, it is critical for CDPRs to avoid
obstacles. However, MCDPRs involve multiple moving parts
such as cables and the end-effector must avoid the obstacles
simultaneously. Furthermore, the multiple mobile bases of
MCDPRs introduce more constraints increasing the com-
plexity of the path planning problem. On the other hand,
the sampling-based path planning algorithms perform well
to deal with various constraints by randomly sampling the
state space [12, 13]. Compared with other path planning
techniques, they need less time to conduct the computation
and can avoid obstacle accurately. The most representa-
tive sampling-based path planning algorithm is the Rapidly
exploring Random Tree (RRT) method, which relies on a
feasible checking module to generate a series of candidate
trajectories for constructing a graph framework [14]. How-
ever, the conventional RRT method generally generates a
path that comprises a significant number of redundant nodes.
To address the optimality issue, some extensions of RRT like
RRT* and informed RRT* are developed to obtain an asymp-
totically optimal solution [15, 16].

Accordingly, Bak et al. [17] proposed a modified RRT
method to generate feasible paths for CDPRs, which takes
advantage of the goal-biased sampling method and post-
processing to mitigate the length of the path. Zhang et al.
[18] designed a new dexterity-based cost function to accom-
plish collision-free path planning for CDPR by combining
RRT* and potential field guidance (PFG) methods. Recently,
Mishra et al. [19] proposed an AFG-RRT* method to gen-
erate optimized paths for CDPRs in cluttered environments.
However, the above-cited methods only deal with the path
planning for the end-effector, the multiple mobile bases and
additional constraints are not involved.

For MCDPRs, the additional mobile bases lead to kine-
matical redundancy, and the path planning problem for
MCDPRs becomes incrementally challenging. Rasheed et
al. [20] developed an iterative algorithm to generate available
paths for MCDPR. This approach is straightforward to tra-
verse all possible pre-defined states of each mobile base, and
the next state is identified by maximizing the wrench capac-
ity. However, the traversal time cost increases exponentially
with the possible states of the mobile bases and the quality of
the obtained path is not desirable. To improve the path qual-
ity, the Direct Transcription method was proposed in [21], in
which the trajectory is discretized according to the specific
time step and the resulting paths are obtained by minimiz-
ing the goal function with a set of given constraints, but the
optimization-based method is commonly time-consuming in
terms of convergence.
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In this work, we present an optimal sampling-based path
planning algorithm for MCDPR. The proposed approach is
capable of efficiently handling the multiple constraints and
kinematic redundancies associated with the robot. In sum-
mary, the contributions of this paper are listed as follows:

(1) First, an innovative high-dimensional tree structure is
proposed in this paper. A distinctive characteristic is that
we maintain the tree growth in the high-dimensional state
space while preserving the tree to share information in
the low-dimensional domain. Based on the growth state
of the tree, we deploy a heuristic cost that allows the
tree to be sampled adaptively in the subspace. Hence, the
proposed method can generate the feasible path in a short
time.

(2) Second, various constraints of MCDPR such as mobile
base/mobile base, mobile base/obstacle, cable/obstacle
collisions, and the available configuration are considered.
The dynamic control checking method is developed to
smooth the path and satisfy kinodynamic constraints of
the robot. Moreover, the heuristic method is designed
to optimize the path and ensure the continuity of parent
nodes. The optimal and smooth path can thus be obtained.

(3) Third, two performance metrics are developed consider-
ing the stability and kinematics of MCDPR. Based on
the performance metrics, the path of the end-effector
is generated by using the proposed grid-search method.
Finally, the resulting paths are simulated in complex sce-
narios using the MCDPR dynamic model developed by
CoppeliaSim software and validated by prototype exper-
iments.

The remainder of this paper is organized as follows: Robot
parameterization and problem formulation are introduced in
Section “System modeling” . The kinematics and stability
model for MCDPRs is established in Section “Considera-
tion” . In Section “Method description”, the proposed path
planning method for MCDPRs is introduced in detail. The
method validation is carried out in Section “Method val-
idation”. Finally, Section “Conclusion and future work”
concludes the research work.

System modeling
MCDPR parameterization

The self-bulit MCDPR in this work is composed of a classical
redundantly constrained CDPR with eight cables (m = 8§)
and a six DoF moving-platform (n = 6) mounted on four
mobile bases (p = 4). As depicted in Fig. 2, the origin of the
global coordinate system is represented as Og and the local
coordinate system located at the center of the end-effector

AZI

Fig.2 Structural diagram of MCDPR

is denoted as O,. The j-th mobile base, denoted as .#;,
Jj =1, ..., 4carries two cables (m ; = 2) and has three wheels
(¢ = 3) including one caster wheel and two driven wheels.
The local coordinate system attached to .#; is denoted as
Opj- The mobile base is characterized as the non-holonomic
differential drive mechanism, it can provide two DoF trans-
lational motions and one DoF rotational motion.

Cables are assumed to be straight and massless. The end-
effector is modeled as a cube. The cable exit point and the
anchor point are represented as A;; and Bj;, respectively.
Thus, i-th cable vector attached onto .#; is denoted as /;;,
i = 1, ...m j+

Selecting the i-th closed-loop vector branch, I;; can be
expressed as follows

l,‘j =a,-j—P—R-"b,-j (1)

where a;; is the position vector of A;; in Og coordinate sys-
tem. P and R is a three-dimensional position vector and
rotation matrix of the end-effector, respectively. ®b;; repre-
sents the position vector of B;; in the moving coordinate
system O,. To simplify the problem, we restrict the end-
effector only perform the translational motion in this work.

Problem formulation

Due to the MCDPR is designed such that A;; is lie on the
axis P/ z of . ;, the rotational of ./ has no effect on u;; =
Lij/IlL;j1l, which is the unit vector along the cable /;;. We
consider the state of mobile bases . at k-th time step is
mj = [Ox./,k, Oyj,k], k = 1, ..., N. The state of the muti-
robot system constructed by mobile bases at k-th time step
is represented as M; = [m{k, m{k, mgk, mik]T in R2?P
and the state of the end-effector at k-th time step is Py =

@ Springer
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Fig.3 MCDPR configurations

[Oxy, Oyk, 02kl Consequently, the state of MCDPR at k-th
time step can be denoted as X = [P,Z, MZ]T.

The MCDPR involves various internal and external con-
straints that require to be considered during the path planning.
To facilitate the computation, the mobile base and the obsta-
cles are modeled as cylindrical structures. Hence, at each time
step, the following constraints are imposed for j-th mobile
base

lmnx —mji| > Ly, forh=1,..,4, h # j (2)
lmjx—og| > rm+rq, forg=1,...s, 3)
llex = bill > Le 4)
bnin = |Umj k7 B1T = Pr| < lpar fori =12 (5)
P e Wi (6)

Where (2-4) impose the distance constraints of the MCDPR
in terms of mobile base/mobile base, mobile base/obstacle
and cable/obstacle. L,, denotes the safety distance between
two mobile bases. r,, and ry,q = 1, ..., s, represent the
radius of the mobile base and the g-th obstacle, respec-
tively. o, represents the position of g-th obstacle. ¢ and by
denotes the two closest point between MCDPR and obsta-
cles at kth time step, respectively. Hence, (2) and (3) prevent
the collision between mobile bases/mobile bases and mobile
bases/obstacles. (4) prevent the collision between cables/end-
effector with obstacles by using the minimum acceptable
distance L. Furthermore, (5) and (6) indicate that the CDPR
have limited workspace and cable length, respectively. Let
Imin and I,y denote the minimum and maximum length of
cable. iy, I = 1, 2, denotes two constant heights of exit point
A;,;j inthe Op coordinate system. For each M, the available
workspace of the end-effector is given by W.

Additionally, the MCDPR also requires to satisfy the non-
holonomic and configuration constraints. Let dy = m ; —
m; 1 denotes the directional vector of ./Z; between two
adjacent states, (7) prevents the abrupt direction change of
the mobile base to satisfy the non-holonomic constraints by
using the maximum turning angle B,,,,.. As a result of mobile
bases are coupled with cables, the MCDPR should maintain
the initial formation shown in Fig. 3a, and the infeasible for-
mation illustrated in Fig.3b and c should be prevented to
cause internal interferences, which indicates that the inter-
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section of the line segment formed by connecting two mobile
bases. We consider 6; € [0, 2] is the interior angle of .#;
showninFig. 3ais defined by (9),and0; = 0;+2m if0; < 0,
(8) ensures the mobile bases do not cross each other during
the motion.

o djk—1-djk
Bjx=cos | L 1= g (@)
! djr—1lllld il e
0.k €0, ] (®)
0 =atan2(u; y, uj ) — atan2(uy, y, up x) ©)

The composite state space of MCDPR X = M x P C
R2P*3 is the Cartesian product of the individual spaces. We
denote the free composite state space that satisfies constraints
defined in (2-8) is X fr.e € X. Then, the optimal path plan-
ning problem for MCDPR is to find the feasible trajectory
m :[0,t] = X free from an initial state 7(0) = X;s to
the goal region 77 (¢) € X 04 that minimizes a given optimal
function and obeys the system dynamics. In this work, the
optimal function is defined to minimize the total path length.

Consideration
Kinematics performance

Due to additional mobile bases lead the kinematical redun-
dancy of the MCDPR, the kinematics performance indicator
is designed in this subsection to ensure excellent kinematics
performance. Derivative of (1) with respect to time and lead
the end-effector only perform translational motion, the veloc-
ity of the end-effector P =0%,"° Ve, 9217 can be expressed
as follows

J1 1:1
Jo| . 123
| P=]. (10)
Jj ij

where l, = [l'lj, imjj]T denotes the speed vector of the
cables on .#;, and J j can be expressed as

T
uyj

Ii=| (11)

T
um/-j

where J; € R™i*2 is the sub-Jacobian matrix associated
with the cable actuation wrench on .#;. The kinematic
jacobian matrix of the carried CDPR can be expressed as
J = 1Ji .., Jj]T, which is associated with a specific
position of the end-effector to map relationship from the end-
effector velocity to the cable velocities.
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Based on the kinematic jacobian matrix of the carried
CDPR, the kinematic performance indicator is defined as the
dexterity of the mechanism, which measures the accuracy of
transmission between cable space and the Cartesian space of
the end-effector. The dexterity of the robot can be obtained
by the condition number of J, denoted as

o= 11117
IJ]| = v )\max(JTJ) = opmax(J)

where, A4y 1S the maximum eigenvalues of square matrix
JTJ, and 0,4, is the maximum singular value of J. The
condition number of kinematic Jacobian matrix « € [1, 00).
Thus, « is normalized to define the kinematics performance
index yj expressed as

12)
(13)

ve = 1/k €[0,1] (14)
The better the kinematics performance can be obtained when
vk 1s closer to 1, and the robot loses its control when y; = 0.
Consequently, the larger yi should be remained during the
path planning.

Stability performance

The additional mobile bases lead the MCDPR highly flexible.
However, the mobile base is susceptible to cable tension and
becomes unstable. Thus, the static equilibrium of the mobile
base with its tipping condition is analyzed in this section to
guarantee the better stability performance.

Figure (4) illustrates the free body diagram of j-th mobile
base. t;; = —t;;u;; denote the cable tension vector along the
cable /;;, and f;; is the cable tension. We define the wheel
contact points of the mobile base //4 as Cpj,n = 1,2,3,

(a) (b)

Fig.4 a Free body diagram of j-th mobile base. b Distribution of wheel
contact points
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Fig.5 Feasible cable tension polygon of .#1, ..., .#4

in a counter-clockwise direction, and ¢,; denotes the Carte-
sian coordinate vector of Cy;. The boundary between two
successive contact points Cy,; and C,41; 18 expressed as the
“c,;»and the direction is described by uc,; . The equilibrium
towards the tipping of a wheeled robot can be calculated
by using Zero-Moment Point (ZMP) method [22], which
depends on the moments generated at the boundaries. We
consider mc,; is the moment when .#; loses contact with
the ground that does not constitute the boundary .%¢

nj?

=, (8 — exj) X wg)
U 15)
+ Zugw_ ((ij — P) x ul-j)t,-j

i=1

mc

where g ; denotes the Cartesian coordinate vector of the cen-
ter of gravity in .#;. wg; is the weight vector of .#;. To
guarantee .#; in static equilibrium, the following constraints
are required to be satisfied.
me,; < 0,n=1,2,3 (16)
Equation (16) denotes the tipping conditions of .#, it can be
regarded as linear constraints in terms of the cable tensions
f;j. In general, the cable tensions are all bounded between
a minimum and positive tension f,,;, and a maximum ten-
sion #,,4x. The feasible tension space of .#; is represented
as a square with side length Az = f,4x — tnin. However,
as shown in Fig.5, the linear constraints in (16) reduce the
feasible tension space to form the feasible tension polygon.
We denote the area of ./#’s feasible tension polygon is ..
Since the cable tension has infinite solutions due to redundant
actuation, we define the riskiest feasible tension polygon as

F =min(%), j=1,...,4 (17)
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where .%, indicates the feasible tension polygon with the
smallest area, which can be obtained by corresponding ver-
tices(i.e., v13, V23, v33 in Fig. 5¢). This polygon corresponds
to a mobile base that is the most unstable to the cable tension
and has a risk of tipping phenomenon. Hence, the stability
performance of MCDPR can be defined as

¥s = Zr/A? €10, 1] (18)

It can be observed from (18) that MCDPR is at the nest sta-
bility performance when y, = 1. However, when y;, = 0,
the MCDPR will tip and lose control due to the cable tension
solution not satisfying the static equilibrium.

Method description

In this section, the path planning method of MCDPRs
is described in detail. In Algorithm 1, the muti-agent
RRT is proposed to generate feasible path M., =
(PM,» M,, ..., My) for mobile bases. For each state of
mobile bases on the path ” My, the position of end-effector
P Py is determined by using the grid-based search method
presented in Algorithm 3 with considering kinematic stabil-
ity. Moreover, the corresponding high-level diagram of the
proposed method is depicted in Fig. 6.

Path planning for mobile bases

The proposed multi-agent method aims to build a tree-
structured graph 7(V, ) = (71, ..., 74) by randomly sam-
pling the state space. The vertices V represent feasible states
of mobile bases My, and the edge £ denotes the feasible
transitions of two adjacent states. 7;, j = 1, ..., 4, denotes a
sub-tree of ./Z.

In Algorithm 1, the feasibility of the initial and goal state
of mobile bases are checked first. Then, some attributes are
assigned to vertices. M .y, .GoalArrived is used to determine
the arrival status of four mobile bases. The j-th element
of M.y,.GoalArrived is changed to 1 when ./ arrive its
goal point, and .#; becomes fixed. M,,.,,.FailureRate is the
ratio of the number of failed expansions to total expansions.
M., .GoalExtend is used to record whether the node can
expand toward the goal point, and it changes to 1 if the expan-
sion fails.

To solve the high-dimensional state space and increase
efficiency, the adaptive sampling method (line 6 of Algo-
rithm 1) is designed in Algorithm 2. The random node of
MjMygnq,j, is assigned as the goal point if the parent node
can successfully expand to the goal point. Otherwise, the
proposed method can adaptively select two sampling meth-
ods based on M ;4 ¢ns.GoalExtend and M g ep, FaiureRate.
It should be noted that the proposed method is sampling in
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Algorithm 1 Multi-agent RRT

Input: An initial state M, a goal state M ¢,,;, mobile base radius
rm obstacles position o4, obstacles radius r,, optimization radius r*
Output: RRT tree 7
1: Check the feasibility of the initial state and goal state
. Initialize tree 7 < M,i;
P Myew < Myt
: M yer.GoalArrived = [0, 0, 0, 017,
M ., FailureRate = [0, 0, 0, 0]7,
M ,0p.GoalExtend = [0, 0, 0, 0]7
: while M ,,,,.GoalArrived # [1, 1, 1, 117 do
M, ana <~ Adaptivesampling(MgaalsMparem‘ T)
M yeqress < Nearest( M yana,T,V;)
Unew, Mnew FSteer(Mnearest sMrand)
9:  if M,y is feasible then
10: Update M ,,eqres:-GoalExtended
11: Muear < NearestNeighbors(M ey, 7 1)
12: Cmin = WM pew) + dist(M yews, M pearest)
13: for each M, o0y € Myear do

o )

A

14: (Vnew,jvEnew.j) <~ ConneCt(mnear,jsmnew,j)
15: if Path(m,ear, j,Muew, ;) is feasible then
16: Cnew,j = h(mnear,j) + disr(mnew,j s mnear,j)
17: if Cnew,j < Cmin,j then
18: Cmin,j < Cnew,j,
M, eqr <ReSetParent(myeqr,j,7T)
19: if M,cq, is feasible then
20: Continue
21: end if
22: end if
23: end if
24: end for

25: 7.V «InsertVertexToTree(M ¢y, 7)

26: 7T .E <InsertEdgeToTree(M yew,M parent,T)

27: M 0., .GoalArrived «<-CheckDistance(M e .M goar)
28: if M., .GoalArrived is changed then

29: Record the current number of vertices V;, j = 1,...4 to
construct a remained tree.

30: end if

31:  else

32: Update M., .Failure_rate

33:  endif

34: end while

the subspace for each mobile base and integrated into high-
dimensional space.

The ForwardSector(mgoar, j, 7's,05) expands the sampling
space to a sector to guide the tree towards the goal space
in which the vertex is the goal point and m. ; denotes
the subnode with maximum cost. rg and 6; represent
the radius and angle of the sector, representatively.The
BackwardBall(m cent0r, p) represents uniformly sampling in
a circular area centered on the m ., With radius rp, and
my is the sub-node with maximum failure rate. Thus, the
proposed method favors BackwardBall(m ceyor, 1) With the
M 4y en FaiureRate increasing.
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Fig.6 High-level diagram of [

the proposed method Input ]

o Initial state M,,;
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Dynamic control checking and heuristic path ing node of the remained tree is recorded as V; (line 29
optimization of Algorithm 1). In addition, to smooth the path and sat-

isfy the kinodynamic constraints, the Steer(M ,eqrest»M rand)
In contrast to the conventional RRT, the Nearest( M 4,,4,7,V;)  function in Algorithm 1 is developed based on the dynamic
function (line 7 of Algorithm 1) returns a node M, cqrest control checking method. As shown in Fig. 7a, each node on
closest to M, ,4 by searching the remained tree to lead the the tree has a set of possible control output I/ (uy, €), which is
mobile base fixed after it reaches the target, and the start-  constrained by the control input from the parent node and the
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mgou/,l* )é{ Mgoar2 Mgoal, s )c(

;C(mg,,au

mj,2
& ~ /
® Myand,2

}c( Mygoal,2

(a) (b)

Q Obstacle

Available control set @) Terminal node

@ Random node

Fig.7 Illustrations of proposed sampling-based path planning method
for MCDPR. Every node on the tree is feasible in its time stamp accord-
ing to the prediction of the moving obstacle. a Tree growth by using

Algorithm 2 AdaptiveSampling

Input: Mgou1, M parent

Output: M, ;4

1: for j = 1to4do

2: if M pgrens-GoalExtended[j] = O then

3: Mygnd,j < Mgoal,j
4: else
5: Frand < rand()
6: if 7r4na > M payens -FailureRate[ j] then
7: § = (m,s'turt,j - mgoal,j)/”mstarhj — Mgoal, j ”
8: a=mc;j—Mgoql,j, 's = lall
9: Oy = arcos(s - a/ry)
10: Myand,j <ForwardSector(m goar,j, rs, 65)
11: else
N
12: Mcentor = Z:l mi/N
i=
13: rp = “mcentur - mf”
14: Myana,j <-BackwardBall(m ccnror, 1)
15: end if
16:  end if
17: end for

inherent control constraints of the mobile base. According to
the kinematic model of the mobile base [23], each control
output uj corresponds to an expected state My, which is
determined by

Mcheck,j = argminCOSt (mk,j, mrand,j) (19)
my

Cost(m, my) = wi||m; — m;||

- ——>
smim;
+ wrarccos ————— (20)
07 [l m? ||
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Tree 1 new branch
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adaptive sampling and DCC method. b Tree was optimized by using the
heuristic method. ¢ One subtree reached its target. d Tree is constructed
successfully after all subtrees reached the target

where mjeck, j is a temporary control checking node associ-
ated with .#; in the new node M ,.,,. m1 and m; are the two
arbitrary node, v is the unit vector with angle of m 1. This cost
function evaluates the distance and smoothness between two
nodes. Hence, by using (19) and (20), M.y, and the opti-
mal control output u,,,, is obtained. One should note that
U(uy, €) is assigned as null if M 4y en:.GoalArrived[j] = 1
to ensure the mobile base is fixed once it reaches goal points.

In line 11-20 of Algorithm 1, the Heuristic method is
proposed to optimize the path by using neighbor vertices.
After a feasible new node M., is generated. The neigh-
bor vertices of M ¢y, M,0qr are obtained by using a given
search radius r.. Each m,;., ; directly connected to m,¢y,
and the m;.q,,; with minimum heuristic cost remained, in
which (M ,,.,,) indicates the total path length from M ,;; to
h(M e.y). However, setting m,,04,, ; as the parent node could
change the structure of the tree causing vertices disjunction.
In this work, we propose ReSetParent() to reset the passed
vertices on the edge ( Myeqr, j» Mpew, j), Which is not change
the parent node and thereby ensure the stability of the tree
structure.

The proposed heuristic method in this study differs from
the conventional neighborhood optimization method used in
the RRT* algorithm in two key aspects. Firstly, the RRT*
algorithm typically utilizes path length as its cost function
without considering the feasibility of robot control, but the
MCDRPR is significantly more flexible and incorporates mul-
tiple constraints. As a result, the cost function in this study
was enhanced, and control feasibility was taken into account.
Secondly, the rewiring process in RRT* has the potential
to change the parent node and thus alter the timestamp. To
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ensure the stability of the tree structure, the ReSetParent()
function was introduced. This function enables us to reset the
passed vertices on the edge, preventing changes to the parent
node while maintaining the integrity of the tree structure. By
implementing this additional step, we can effectively address
the issue of changing timestamps that may arise during the
rewiring process.

Figure 7 illustrates the proposed method, we use two sub-
trees to represent two mobile bases for simplicity. As shown
in Fig. 7a, the neighbor vertices of mg | and msg > is obtained
to optimize path. Thus, two path (m3 1,mg 1) and (m3 2,mg 2)
with minimum cost can be found. The parent vertices m7 1,
m7 3 is reset and check in Fig.7b by using ms.r; =
Myeser, j.parent + n(mrexet,j-Child — Myeger,j.parent), in
which 7 is initialized to 1/2. However, if m,¢s.;, ; is not fea-
sible,  is a random number ranging from O to 1. Moreover,
due to the adaptive sampling method, the tree tends to grow
toward the goal. As shown in Fig. 7c, the first tree has arrived
but the second tree is not. In this case, the next sampling will
be expanded on the remained vertices m g 2 on the second
tree. Finally, the algorithm is terminated when each tree has
reached its target point shown in Fig.7d.

Generation of the end-effector optimal path

After the RRT tree 7 is obtained from Algorithm 1, the path
for mobile bases M, can be generated by consecutively
finding M pgren: from the root of the tree. In this work, a
kinematic stability index y is used to determine the position
of the end-effector, which is expressed as follows

Yy = +vs €[0,2] 21

Based on the kinematic stability index y, a grid-based search
method is developed in Algorithm 3 to generate the path
for the end-effector P pup,p, p = 1, ..., N. The proposed
algorithm traverses each state on the path of mobile bases
M pa11,p that corresponds to a specific CDPR configuration
to maximize y. For each configuration, we first determine
a search area S, with radius r,, and the center of the S,
depends on the last end-effector position P pqsj,,—1. Thus,
S, is different in each M ,, which ensures smoothness and
continuity of the path. For each S, we discrete S, to obtain
Q) cells {c1, ..., cg}, and traverse each cell find the largest
y. It should be noted that some cells may not be feasible due
to the cable/end-effector colliding with obstacles, which is
considered in line 6 of Algorithm 3.

The path obtained through the end-effector is optimal due
to the use of the grid-based search method and a kinematic
stability index. Specifically, the kinematic stability index y is
used to determine the position of the end-effector, and a grid-
based search method is developed to generate the path for the
end-effector by maximizing y ateach configuration along the

Algorithm 3 Grid-based search method

Input: ”M 415, Q, ¢

Output: P pup,p

1: VYbest = 2

2: forn =1to N do

3:  Determine the search area S, with radius r;
4:  Discrete S to obtain Q, cells {cy, ..., cg}
5. forn=1to Q do

6: if not feasible (c,) then

7.

8

Continue

else
9: Calculate y by using (21)
10: if ¥ > Ypes then
11: Ppath,n < Cn
12: VYbest <~ Y
13: end if
14: end if
15: Ppath,p <~ Ppath,p U Ppath,n
16:  end for
17: end for

path of the mobile bases. By maximizing y, the algorithm
ensures that the end-effector is positioned in a kinematically
stable configuration at each point along the path. Addition-
ally, the use of the grid-based search method ensures that the
path is smooth and continuous. Together, these factors sug-
gest that the path obtained through the end-effector is optimal
in terms of kinematic stability and smoothness/continuity.

Method validation
Initialization set-up and results

In this section, we conduct a number of simulations to
demonstrate the effectiveness and efficiency of the proposed
algorithm. Figure 8 illustrates the cluttered environment with
the dynamic model of our MCDPR prototype developed
using CoppeliaSim (formerly known as V-REP) robot simu-
lator software [24]. The cluttered environment is composed
of ten obstacles and these obstacles are modeled as cylinders

Medium Obstacle

End-effector goal point

Small Obstacle

Large Obstacle Goal points of four mobile bases

Fig.8 Simulation environment developed using CoppeliaSim software
[24]
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Table 1 Simulation parameter

Parameters Value Parameters Value
Ly, 0.38 m Lnin 0.5m
Im 0.2 m Lnax 4m

Bmax 65 o Te 0.5m
L. 0.05m Tgc,j 0.3 m
rx 0.5 m n 0.1 m
w] 0.5 w) 0.5

with three different radii, 0.15 m, 0.25 m, and 0.45 m. These
obstacles have an identical height 0.4 m, and the position
of obstacles is randomly assigned. The five goal points for
the MCDPR are given around the dark blue obstacle that is
denoted as a target obstacle in which the robot can perform
the task on it, i.e., picking and/or releasing operations.

The proposed method is initialized using parameters given
in Table 1. For the consecutive state transition from Xy to
Xi41, AT should be relatively small to obtain high accu-
racy, thereby AT = 0.2 is used in this work. For each
P M pan, it could determine the coordinates of a set of pul-
leys by using 21 = 0.285 m and 7, = 0.926 m. Accordingly,
the mass center of the mobile base can be directly obtained
from the MCDPR dynamic model in CoppeliaSim given by
[0.12,0.34,0.36]7 with respect to O, j coordinate system.
Hence, y; and y; can be computed in each ” M 4, The
simulation result is illustrated in Fig. 9, it is found that a fea-
sible path is generated for each mobile base to reach their
goal points and the path of the end-effector is determined by
maximizing y . Due to the limitation of the length of the cable
making MCDPR impossible to separate through large obsta-
cles, one should note that the MCDPR adaptively performs
integration mode and separation modes in Fig. 9.

To simplify the problem, the end-effector is modeled as a
point to perform collision detection. Due to the end-effector
was restricted to only perform the translational motion in
x, y, and z direction, and the rotation of the end-effector is
not considered. The x and y motion of the end-effector were
depicted in Fig. 9 and the z-coordinate of the end-effector was
shown in Fig. 10. The MCDPR is a type of parallel robot for
which the inverse kinematics, as expressed in equations (1)
and (10), can be readily determined. As a result, when given
a set of three-dimensional coordinates for the end-effector,
it is possible to calculate the corresponding cable length and
cable speed using these equations. This enables precise con-
trol of the end-effector’s translational motion through the
manipulation of cable length and speed.

The three minimum distances about mobile bases/mobile
bases, mobile bases/obstacles, and cables/obstacles is illus-
trated in Fig. 11, it can be found that the distance constraints
of (2), (3), and (4) can be satisfied. Moreover, the change of
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Fig. 10 z-coordinate of the end-effector

four interior angles is shown in Fig. 12, it can be seen that
01,02,03,64 € [0, ], thereby the MCDPR configuration
constraints defined by (4) is thus fulfilled.

MCDPR Verification in CoppeliaSim and experiments

In this section, the resulting MCDPR trajectories obtained
from the last section are simulated in CoppeliaSim environ-
ment to verify the proposed method and the corresponding
experiment is carried out. The software simulation frame-
work is depicted in Fig. 14. For controlling the mobile bases,
the continuous velocity profiles of the mobile bases are con-
verted into the rotational velocities of the mobile base’s
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Fig. 12 Interior angles change with time

wheels by using its kinematic model. As shown in Fig. 13,
the continuous velocity profiles of the mobile bases and the
end-effector are guaranteed due to the post-processing. One
should note that these mobile bases do not arrive at the goal
points at the same time. Moreover, for controlling the end-
effector, we utilize (1) and (10) to adjust the length and speed
of cables shown in Fig. 15.

The obtained wheels’ rotational velocities are sent to the
revolute joints associated with wheels to control the mobile
bases in CoppeliaSim. Additionally, the length of the cable
can be adjusted by prismatic joints associated with cables.
Hence, the MCDPR model is actuated by these joints. The
state of MCDPR can be directly obtained from the Cop-
peliaSim during the motion, it will be compared with the
desired path to obtain the error.

The clips of the simulation in CoppeliaSim are shown in
Fig. 17, it can be seen that the MCDPR can follow the desired
paths and avoid the collision. Moreover, Fig. 16 illustrates
the error between the actual path of the MCDPR from the
simulation and the desired path, the maximum error about
the mobile base and the end-effector is approximately 3.8
cm. Thus, the feasibility and stability of the proposed path
planning method can be verified.

The proposed approach is validated experimentally on our
self-built MCDPR, a scenario is designed as the MCDPR pass
through the first obstacle shown in Fig. 9. The NVIDIA Jetson
Nano” M Developer Kit is adopted as a control computer to
operate our MCDPR system, in which the designed cable

MCDPR trajectory

Software

Kinematics of CDPR Prismatic joints
Cable lengths

Control Input

Obtain Error
MCDPR State MCDPR Model

Fig. 14 Software simulation framework

T T T T T
bi

— — ) —)

0.8

0.6

0.4 Aomee o

Cable Length(m)

0.2

Time(s)

F

g.15 Cable length change

length and mobile base velocities are sent to control MCDPR.
The experimental results are shown in Fig. 18, it can be seen
that the MCDPR is smooth and stable passing the obstacle
and the total time is 24 s. Before the experiment, the cable was
pre-tensed to 20 N, and the cable tension change measured
from the load cell sensor during the experiment is shown in
Fig. 19. It can be seen that the cable tension remains positive
in the experiment and has a continuous profile. These results
verify that the proposed method is feasible and effective.
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g.16 Error between the actual and the desired position

12sat =18sb

Fig. 18 Experimental results. at = 6 s bt =
t=24s

Batch evaluation

In this section, the proposed path planning method for MCD-
PRs is compared with other existing methods. Due to the
stochastic nature of the proposed method, a batch evaluation
of 1000 simulations is performed and the proposed method
is evaluated using the average value. All the simulations are
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Fig. 19 Cable tension change in experiment

performed using © MATLAB with CPU computations on an
Intel ®i7-9750 CPU@2.60GHz and 32GB RAM Windows
10 system. The identical initialization parameters defined in
the previous simulations are used in these simulations.

The results of the batch evaluation are summarized in
Table 2. Comparing the proposed method with the Iterative
Algorithm and Direct Transcription, the proposed method
reduced the CPU time by 88.7% and 79.8%, respectively.
This is due to the developed adaptive sampling strategy
leading the tree to grow towards the goal points. Iterative
Algorithm and Direct Transcription require complex iterative
processes for optimization which may become computa-
tionally more expensive with the increase of obstacles in
the environment. However, the proposed method does not
require an iterative search but constructs the feasible tree by
adaptively exploring the state space. It should be noted that
the Iterative algorithm and the Direct Transcription method
resulted in the mobile base and the end-effector reaching
the target point simultaneously. In our method, the growth
of the subtree is terminated when it reaches the goal point.
Furthermore, it can be observed that the average global per-
formance index y of the total path is improved by 56.12%
and 34.21% with respect to the Iterative Algorithm and Direct
Transcription. Therefore, the proposed path planning method
can contribute to better stability and kinematic performance
of MCDPRs.

The proposed algorithm incorporates a heuristic optimiza-
tion approach to enhance the efficiency of the MCDPR path.
The results demonstrate a 46.81% decrease in path length
compared to the Iterative Algorithm. Although the Direct
Transcription method outperforms the proposed algorithm
in terms of path length due to its broader optimization radius
and iterative process, the proposed method only differs by
4.51% from Direct Transcription. Moreover, the proposed
algorithm offers several advantages, including faster CPU
time and improved average y, which offset the minor differ-
ence in path length. These results highlight the ability of the
proposed method to optimize path, enhance computational
efficiency, and ensure kinematics stability simultaneously.
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Table2 The evaluation result Method CPU Time Path Length Average y
Iterative Algorithm [20] 120.94 min 11.62 m 0.98
Direct Transcription [21] 67.81 min 591 m 1.14
Proposed method 13.63 min 6.18 m 1.53

The results of the proposed method are in bold to highlight the effectiveness

Conclusion and future work

In this work, an optimal path planning method is proposed
for MCDPRs to generate feasible paths in constrainted envi-
ronments with considering kinematic stability. The proposed
method utilizes a heuristic approach to optimize the path, and
the adaptive sampling method is developed to enhance effi-
ciency. Hence, the various constraints of MCDPR can be
considered in detail and the kinematic stability is maximized
by using designed performance indicators. The proposed
method was validated by simulations and subject to real-
world testing on a self-built MCDPR prototype. The results
show that the proposed approach can generate feasible
paths for mobile bases and the end-effector in a shorter
time. Compared to other existing methods, the proposed
method provides better kinematic stability performance and
efficiency on the premise of minimizing the path length.
Therefore, the reliability of the proposed method was ver-
ified.

One should note that the proposed method is developed
in a static environment in which the position of the obstacle
is known. Moreover, the proposed method can be extended
to a variety of multi-agent systems, such as UAVs. However,
it is imperative for individuals to tailor the algorithm to the
specific system by adjusting the cost function and constraint
equations as necessary. This enables the algorithm to effec-
tively accommodate the distinct characteristics and demands
of the system. In future work, it is desirable to develop the
real-time path planning method for MCDPR in a dynamic
environment with the moving obstacle. To fulfill this pur-
pose, a continuous localization system for MCDPR is also
required to be designed in the future.
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