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Abstract—The cable-driven Boat Motion Simulator is a me-
chanical system designed to replicate the intricate 6 degrees of
freedom motions experienced by a boat. This simulator consists
of 8 cables and a moving platform. The platform is connected
to the cables, and its position is controlled by actuating motors
that adjust the cable lengths accordingly. To accurately replicate
the desired boat motions, optimizing the design parameters that
offer sufficient workspace for the simulator is crucial. This paper
focuses on analyzing the workspace using three design param-
eters: height, width, and cable attachment points. Examining
the workspace under various parameter configurations aims to
optimize the design and ensure that the simulator provides a
sufficient range of motion to replicate complex boat motions
accurately. To assess the workspace, we developed a simulation
model and an algorithm incorporating three methods: static
equilibrium analysis, cable-to-cable interactions, and cable-to-
platform interference detection algorithm. This research provides
insights into achieving an optimized design for the Cable-driven
Boat Motion Simulator, enabling realistic boat motion replication.

Index Terms—Cable-driven Parallel Robot, Workspace Anal-
ysis, Static Analysis, Design Parameter Optimization, Cable
Interference

I. INTRODUCTION

The Cable-driven parallel robot (CDPR) has a movable
platform connected to multiple cables. By manipulating the
cable lengths, the platform can be positioned to achieve desired
motions. CDPRs are renowned for their ability to deliver
high-precision motion, particularly with high accelerations
[1]. Furthermore, CDPRs utilize lightweight cables, which
reduce inertia and exhibit robustness when subjected to high
payloads [2] [3]. Due to their simple and lightweight me-
chanical structure, CDPRs are widely regarded as suitable
solutions for applications that require expansive workspaces,
easily adjusting configuration and size [4]. Considering the
advantages of CDPRs, we chose the CDPR mechanism to
build a boat motion simulator. The simulator aims to mimic the
motion of the USS Oliver Hazard Perry-class frigate. Frigate’s
motion is a 6-DOF motion, including a maximum roll angle
of 30 degrees and a sway magnitude of 5 centimeters on a
1/100 scale [5]. Thus, the simulator with eight cables and a
platform requires a sufficient range of 6-DOF boat motion.

This research aims to determine the workspace of the
cable-driven boat motion simulator, ensuring it can effectively
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imitate the desired boat motions by providing a suitable
range of motion. Three design parameters were considered:
platform height, width, and cable attachment points on the
platform. The workspace of the simulator varies based on these
parameters, and simulation tests were conducted to optimize
these parameters for achieving the desired frigate motions.
We investigated three methods for determining the
workspace of the cable-driven boat motion simulator. Firstly,
since the simulator consists of eight cables and moves at 6-
DOF, it can be classified as an underdetermined system. The
tension solutions can be optimized at the equilibrium state
with this system [6]. We used Singular Value Decomposition
(SVD) on the static equilibrium equation to analyze the tension
solutions. The rank of the Structure matrix in the static
equation was examined to determine if the underdetermined
CDPR has infinite or no solutions [7]. Additionally, as the
CDPR incorporates multiple cables, cable-to-cable and cable-
to-platform interference were considered as they influence
the determination of the workspace. Detecting cable-to-cable
interference involves calculating the shortest distance between
cables. This can be achieved by computing the magnitude
of the perpendicular vector formed by two cable vectors
obtained by the inverse kinematics [8]. Cable-to-platform
interference can be detected when a cable intersects with
or passes through the side, upper, or bottom planes of the
platform. To detect cable-to-platform interference, the cable
attachment vectors are utilized to determine the planes of the
platform. By comparing the angle between a cable vector and
the neighboring platform plane, it can be determined whether
interference occurs. When the angle between a cable vector
and the plane of the platform is zero, it indicates that the
cable is intersecting or passing through the platform, resulting
in interference [9]. Based on these methods, we developed an
algorithm to determine the workspace of the cable-driven boat
motion simulator. The algorithm incorporated static analysis
and interference detection methods. We utilized a simulation
model of the boat motion simulator to analyze the workspace
and applied the algorithm, providing insights into the achiev-
able workspace and potential interference within the system.
The organization of this paper is as follows. Section II
overviews the inverse kinematics and static equilibrium prin-
ciples of the cable-driven boat motion simulator. In Section



Fig. 1: Configuration of Cable driven boat motion simulator.
Og¢ and O p represent the origins of the global and the platform
body frame. A; and B; are pulley locations on a structure and
cable attachment point on a platform of i-th cable relatively.

III, the methods for static analysis and interference detection
are discussed. Section IV presents the simulation experiment
results of the workspace analysis for design parameter opti-
mization. The results obtained from these experiments can be
used to optimize the design for replicating the desired boat
motions. Section V concludes the paper by summarizing the
obtained results and highlighting the contributions of the study.
It also discusses future works, including the construction of a
hardware model for experimental tests to validate the results.

II. PRELIMINARY
A. Inverse Kinematics

The inverse kinematics of CDPRs involve calculating cable
length vectors and the structure matrix that determines a force
vector induced by cable tensions. In Fig. 1 is the configuration
of the cable-driven boat motion simulator. The global frame,
denoted as O¢ is located in the center of the ground, while
the platform body frame, Op, is located at the center of the
platform. @; represents the position vector of the pulley for
the i-th cable, where ¢ = {1,--- ,n}, with n being the total
number of cables. 7 = [z y 2]T represents the position vector
of the moving platform in the global frame O¢. Additionally,
b; is the cable attachment point vector in the body frame Op,
and R denotes the rotation matrix of the platform in the global
frame O¢. The cable vector defined as l: can be determined
by inverse kinematics equations [10],

(i=1,...,n). (1

B. Static Equilibrium and Structure Matrix

—

l; = @ — Rb; — p,

At static equilibrium, the total force exerted by cable
tensions is equal to any external forces and moments applied

Fig. 2: Cable-driven Boat Motion Simulator simulation model.
The green lines represent an outer structure, and eight ca-
bles(black) are connected to a moving platform(blue). The
figure on the right-hand side provides a zoomed-in perspective
of the cables (L ~ Lg) and the platform.

to the platform. To achieve the equilibrium, we define the unit
cable vector of the i-th cable as #; = l;/|l;|, and the tension
vector as 73 = u;|7;|. Using these definitions, the following
equations can be derived [11],

n n
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where F' and M represent the total forces and moments exerted
on the platform, respectively. Defining the cable tension vector
7 = [|71] --- |7u]]¥, the static equation can be written as
follows [12],
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where f = [F M]7 is the wrench vector, and m represents the
number of degrees of freedom. The Structure matrix, denoted
as J € R™*" is utilized to calculate the tension distribution
and perform static analysis [14] [17].

III. WORKSPACE ANALYSIS METHODS
A. Static Analysis

—

f=J7 with J:{

Recall the static equilibrium equation formulated as (2), J
is a m x n matrix where m is DOF, and n is the number of
cables connected to a platform. A platform can be positioned
where a feasible tension solution is present. The Singular
Value Decomposition(SVD) analysis on the Structure matrix J
provides insights into identifying feasible solutions. The SVD
exists for any matrices, so that matrix J in (2) has an SVD
given by J = USV7T where U,,xm and V, x, are unitary
matrices, and X,,x, is the diagonal matrix with singular
values of .J, o;, on the main diagonal [15]. An SVD of the
Structure matrix, J, can be rewritten as follows with r the
rank of J [16],

Tmxn = USVT
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where,
o U is the column space, and U is the left null space of .J,
o V is the row space, and V is the null space of J.
Leveraging the null space of .J, such that JV = 0, the tension
solution can be written as [17],

=J f+Vh, )

where JT is the pseudo inverse matrix of .J, and R is an
arbitrary vector. Choosing h in (4) yields optimal tension
solutions at a specific platform position. Performing an SVD
on the matrix J, the (2) can be defined as,
o Underdetermined system with oo tension solutions if
n>r=m),
« Both potentially inconsistent and underdetermined sys-
tems with oo or 0 solutions if (n > r, m > r) depending
on f
o Determined system with only 1 unique tension solution
if (m=n=r),
¢ Overdetermined system with 0 or 1 if (m > r = n)
tension solution depending on f
Since the boat motion simulator has eight cables and 6-DOF,
it can be defined as an underdetermined system. If J is the
full row rank, tension solutions can be infinite, and tension
solutions can be optimized. The solution 7 must be a vector
of positive tensions to exert forces on a platform since cables
can only pull an object and cannot push it [6]. Also, tensions
should be minimized because too high tensions can damage
the structures or cables. The final solution 7 can be calculated
by determining the arbitrary vector h in (4) such that [18],
argmin T
h
subject to T = JTf+ Vh (®)]
07

Once the vector  is determined by solving the equation
above, it signifies that a platform is located inside the feasible
workspace with the tension solution satisfying the condition
in (5).

B. Cable-to-Cable Interference

As depicted in Fig. 2, the upper and lower cables are
interconnected to the platform instead of being connected to
the platform’s edges to expand the rotational workspace. As
discussed in III-A, static analysis enables determining tension
solutions for a given platform position within the feasible
workspace. However, due to the crossing cables, there is in-
terference between cables even inside the feasible workspace.
These interferences lead to constraints in the platform’s motion
and must be discussed to ensure unrestricted movement.
Cable-to-cable interference can occur when two cables in-
tersect as the platform moves. By calculating the distance
between two cables, it is possible to detect such interference.
If the distance between two cables becomes smaller than the
diameter of a cable, it indicates an interference between cables.
In Fig. 3a, I; and l_; represent the vectors corresponding to
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(a) Cable-to-Cable interference.

(b) Cable-to-Platform interference.

Fig. 3: Interference Detection

cable L; and L;. @; and @; denote the pulley position vector on
the outer frame The vector M” = (M M ) is perpendicular
to both cable vectors and M; and M can be defined as follows
(8],

MJ‘ =a; + )\j’le,

where the unit cable vectors are defined as u; = I;/|l5] and
Uy = = /\l | Ai and A; represent the magnitudes of vectors.
The cross product (; x ;) is a direction vector of M . Given
that @; and &; are points on lines of L; and L;, the shortest
distance between two cables can be determined by calculating
the length of the orthogonal projection of (&@; — @;) on Mij.
The formula for this calculation is as follows [19],
(@ — dj) - (@ x ;)
|ti % ]

dij = ©)

If d;; is smaller than the cable diameter € (d;; < ¢), it implies
the interference between two cables, L; and Lj;.

C. Cable-to-Platform Interference

Fig. 3b illustrates a platform and a cable connected to the
attachment point. A vector b; represents the attachment point
vector of the ¢-th cable in the body frame on the platform
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Fig. 4: Design Parameters: The platform height(h), width(w),
and the cable attachment point(c).

center p. l_);l and gzg are the vectors from the attachment
point of i-th cable to the neighboring cable attachment points.
Consider the plane 7 formed by two vectors bzl and bzg, and
define ¢ as the angle between 7 and the unit cable vector ;.
To detect the interference, the perpendicular vector of plane
m needed to be defined with given two vectors b;; and b;s.
The perpendicular vector ¢ can be calculated by the vector
cross-product,

q; = bi1 X bya.

Note that the angle between ¢; and ; is § —
can be formulated utilizing the dot product,

¢ and the angle

COS(* —¢) =

Cable-to-platform interference occurs when the angle ¢ is less
than zero.

IV. SIMULATION SETUP
A. Simulation Model

The configuration of the simulation model for the cable-
driven boat motion simulator is illustrated in Fig. 2. The
model’s outer structure edge size is 45cm, with a platform
connected to eight cables. The upper and lower cables are
cross-connected, while the lower cables are attached inward
from the top edge of the platform.

The simulation test was performed by moving a platform
to every position inside the structure. The resolution was lcm
for translation in x, y, and z axis. Based on the desired USS
Oliver Hazard class Frigate’s motion, eight cases of platform
rotation were considered in the test. The sets are roll (0, 30)
degrees, pitch (0, 5) degrees, and Yaw (0, 2) degrees, and
combinations of rotations are as seen in TABLE I.

TABLE I: Rotation Motion Test Sets

[ Case | Roll, Pitch, Yaw [[ Case | Roll, Pitch, Yaw |

1 0,0,0 5 30, 0,0
2 0,0,2 6 30, 0,2
3 0,5,0 7 30, 5,0
4 0,5,2 8 30, 5, 2

(a) H1: h = 1.25cm (b) DO: A = 2.50cm (c) H2: h = 3.75cm
Fig. 5: Platform Height with w = 10.00cm, ¢ = 2.50cm

(a) W1: w = 5.00cm (b) DO: w = 10.00cm (c) W2: w = 15.00cm
Fig. 6: Platform Width with A = 2.50cm, ¢ = 2.50cm

(a) Cl: ¢ =1.25cm (b) DO: ¢ =2.50cm (c) C2: ¢ = 3.75cm
Fig. 7: Cable Attachment Point with A = 2.50cm, w = 10.00cm

B. Design Parameters

Three design parameters were considered during the
workspace analysis, as seen in Figure 4. To evaluate the
impact of parameter variations, the parameters were modified
by decreasing and increasing them by 50 percent from the
baseline design denoted as "DO’.

The first parameter is the platform height, representing the
distance between the platform’s bottom and top planes. Three
different heights were tested to investigate the relationship
between platform height and the workspace, as shown in Fig.
5. Design ‘DO’ is the baseline design with a 2.50cm platform
height, while ‘H1’ has 1.25c¢m, and ‘H2’ has 3.75cm.

The second parameter is the platform width, which indicates
the space between the edges of the top or bottom plane.
Various width dimensions were experimented with to evaluate
the influence of platform width on the workspace, as illustrated
in Fig. 6. The baseline design *D0’ features a platform width of
10.00cm, while "H1” has a width of 5.00cm, and "H2’ extends
to a width of 15.00cm.

The third parameter is the cable attachment point. The
attachment of lower cables to the edges of the upper platform
plane, positioned toward the middle of these edges, is aimed
at enhancing rotational motion. Denoted as b in Fig. 7, the
cable attachment point represents the distance from the nodes



to the attachment points. Various attachment point values
were tested to investigate the impact on the workspace. As
illustrated in Fig. 7, the baseline design ’DO’ features a cable
attachment point of 2.50cm, while "H1’ has an attachment
point of 1.25cm, and 'H2’ is characterized by an attachment
point of 3.75cm.

By altering these design parameters and their impact on the
workspace, we can acquire insights into how height, width,
and cable attachment points influence the extent of motion
achievable by the cable-driven boat motion simulator. This
analysis allows optimizing the design parameters to attain an
optimal workspace replicating the intended boat motions.

C. Simulation Alogirthm

Platform Pose

!

Calculate Structure Matrix J
Perform SVD

y

I Static Analysis | Not
feasible

——

Feasible ;
I Cable-to-Cable Inteference |

Interfere

I
Not interfere ¥

] Cable-to-Platform Inteference |
Interfere

I
Not interfere v

I Feasible Workspace |

Fig. 8: Simulation test algorithm.

The simulation test was performed with the algorithm shown
in Fig. 8. The platform position started from the origin. By (2),
(3), the corresponding structure matrix, J, is calculated, and
SVD is performed to determine the null space of J. The static
analysis investigates the existence of h in (5). If the tension
solution is feasible as / exists, the algorithm explores cable-to-
cable and cable-to-platform interference utilizing the methods
described in III-B,III-C. Finally, the feasible, interference-free
platform pose is recorded, and the platform moves to the next
pose.

V. RESULTS

The workspace analysis involves a comparison of the
workspace volumes for each design. The outcomes are pre-
sented in Table II, which indicates the percentage of feasible
workspace occupied by a platform center position to the total
number of positions within the structure. The findings reveal
that the workspace is most expansive for each design when the
platform remains non-rotational and diminishes as rotational
motion is introduced. Moreover, it is evident that rotations
distinctly influence each design’s workspace.

A. Platform Height

The platform height changes (H1—D0—H?2) exhibit a
relatively minor impact on the feasible workspace volume
compared to the influences of other parameters. Fig. 9 is

(a) HI (49.2%) (b) DO (50.7%) (c) H2 (51.6%)

Fig. 9: Case 1 Feasible Workspace (Platform Height)

A A A

(a) W1 (43.6%) (b) DO (30.3%) (c) W2 (18.3%)

Fig. 10: Case 2 Feasible Workspace (Platform Width)

(a) C1 (0.8%) (b) DO (13.0%) (c) C2 (17.2%)

Fig. 11: Case 6 Feasible Workspace (Cable Attachment Point)

TABLE II: Feasible Workspace Volume (%)

[ Case [ DO | HI [ H2 | WI [ W2 | CI | C2 |
1(0.00) || 50.7 | 492 | 51.6 | 54.6 | 403 | 50.4 | 47.1
2(002) || 303 | 297 | 30.8 | 43.6 | 183 | 174 | 348
3(05.0) || 4993 | 473 | 508 | 534 | 39.1 | 489 | 454
4(052) || 315 [ 309 | 319 | 447 | 19.1 | 182 | 358
5(0,0,0) || 165 | 169 | 136 | 262 | 129 | 87 | 187
630,02 [ 130 | 129 [ 108 | 257 | 66 | 08 | 172
7(305,0) || 147 | 148 | 116 | 256 | 93 | 19 | 178
8(30,52) || 151 | I5.0 | 114 | 25.1 | 97 | 38 | I81

the feasible workspace of Case 1 for designs featuring differ-
ent heights. The difference between the smallest and largest
workspaces ranges from a minimum of 1.0% to a maximum
of 3.7%. As the platform height increases, the workspaces
for motions without a roll (Case 1~4) expand. However, a
taller platform negatively affects motions involving a roll (Case
5~8) and increases the possibility of cable-to-platform and
cable-to-cable interferences.

B. Platform Width

The variations in platform width (W1—D0—W2) have the
most substantial impact on the feasible workspace. Changes
in platform width lead to a workspace modification ranging
from a minimum of 13.3% to a maximum of 25.6%. A
smaller platform width is associated with reduced interference



and enhanced tolerance for rotational movements, particularly
yaw (Case 2,4,6,8). Fig. 10 visually represents the feasible
workspace of Case 2 for each design, highlighting a reduction
in workspace volume attributed to yaw motion.

C. Cable Attachment Point

As cable attachment points are altered (C1—D0—C2), the
feasible workspace undergoes variations ranging from a mini-
mum of 3.3% to a maximum of 17.6%. If the cable attachment
point is smaller and positioned close to the corners, the
workspace contracts, particularly in the presence of rotations,
especially roll. This outcome is due to the increased proximity
of two cables at the corners, elevating the possibility of cable-
to-cable interference. Fig. 11 illustrates this effect, demonstrat-
ing how a larger cable attachment point significantly enlarges
the workspace in case 6.

VI. CONCLUSION

This research examines the workspace analysis for optimiz-
ing the parameters of a Cable-driven Boat Motion Simulator.
The study considers three parameters: platform height, width,
and cable attachment point, to investigate their impact on
the feasible workspace. The results indicate that increas-
ing platform height leads to a smaller workspace when the
platform rolls but a larger workspace when a roll is not
applied. Platform width significantly affects the workspace,
with smaller platforms allowing for a larger feasible workspace
in all cases. Also, when the cable attachment point is small and
close to the platform’s corners, the workspace becomes smaller
due to the high chance of cable-to-cable interference. A larger
cable attachment point usually results in a larger workspace
because the distance between cables is farther. Overall, the
findings from simulation tests suggest that smaller platform
widths and larger cable attachment points are beneficial for
achieving a larger workspace. However, it is essential to
consider practical constraints such as platform size providing
enough space for electronics and sensors on the platform.
Also, there should be sufficient room to perform landing tests
for specific applications, like developing an automatic aerial
vehicle landing on a moving platform.

Future work will focus on optimizing and determining
parameters to ensure an ideal workspace to mimic a boat’s
motions and conduct further experiments based on the results
from this study. Once the optimal parameters are obtained, the
hardware prototype model will be built. Moreover, additional
simulation tests will be conducted to formulate the relationship
between parameters and workspaces more precisely.
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