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Abstract: Cable-driven mechanisms are increasingly popular in applications requiring low-inertia
operation. However, issues like cable loosening, which leads to reduced durability and stability with
long-term use, have not been fully addressed in previous studies. This paper presents a novel design
for a decoupling mechanism based on the geometrical-balance principle. The mechanism incorporates
three pulleys—main, minor, and guiding—mounted on a parallelogram structure. The cable passes
over these pulleys and an elbow pulley with constant tension, maintained through a balance between
the pulleys’ radii and the cable’s thickness and radius. A theoretical model was developed to estimate
deviations in the cable tension within this design, considering general geometric parameters and
friction coefficients. In the experimental setup, the main pulley had a radius of 15 mm, while the
minor, guiding, and elbow pulleys had radii of 7mm, and a 1 mm radius Dyneema cable was used.
The results demonstrated that the decoupling mechanism maintained a consistent cable length and
tension with minimal deviation as the two links rotated from small to large angles. Furthermore,
a strong correlation between the theoretical estimates and experimental validation confirmed that
the cable tension remained stable at both ends when the decoupling mechanism was integrated into
the original system. This research improves the stability and durability of cable-driven mechanisms
while offering a compact, accurate solution adaptable to a wide range of applications, including
robotics, machinery, and other devices.

Keywords: decoupling mechanism; cable-driven mechanism; balance cable length; maintain cable
tension; decoupling device; cable-driven robot arm; cable-driven robot hand; rope-driven mechanism

1. Introduction

Cable-driven mechanisms have been widely utilized across numerous applications.
In terms of manipulation, the authors of [1-5] demonstrated the advantages of rigid
or hybrid gripper designs actuated by tendons/cables, particularly when compared to
soft grippers made from flexible materials or mechanisms [6-9], which rely on cable
tension to achieve stable grasping. Elastic cables or cords have also been employed in
gripping interfaces, offering flexible tension to handle complex objects [10] or multi-object
groups [11]. Cable-driven mechanisms have also been applied to reduce the operating
inertia of robots such as cable-suspended robots [12], therapy platforms [13,14], parallel
cable-driven robots [15], continuum robot arms [16,17], cable-driven arms [18-20], snake
robots [21], human skeletons [22,23], and wearable devices [24]. In these applications, a
single cable can drive the motion of one or multiple joints or links, with the magnitude and
trajectory of motion dependent on variations in the cable tension. Typically, cable-driven
mechanisms feature a common structure, as described in [25,26], where two cable branches
rotate a link around a hinge joint.
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1.1. Coupling Problem in Cables

In this paper, the cable-driven mechanism in [25,26] was simplified, as shown in
Figure 1, with two links (termed link 1 and link 2) that can rotate concurrently around
the center M of a hinge joint due to the tension generated by the cables. Since the two
cable branches are symmetrical, we focus on the analysis model for one cable branch.
Additionally, an elbow pulley with a radius r, is mounted on the joint to guide a cable,
represented by the red solid line. This cable has two endpoints, A and Z, and traverses
the elbow pulley along a contact curve BC with a central angle «. In this scenario, let us
assume the following: link 1 and link 2 are rigid, d1, d; are constant and link 1 rotates while
link 2 is stationary. When link 1 rotates around M with an angle —dp, the points A and
B move to new positions, i.e.,, {A~, B~ }. In this scenario, « becomes « + d and the cable
is longer than its original length in the setting-up state. Also, if link 1 rotates clockwise
around M with an angle of +dp, points A and B move to { A*, BT }. Concurrently, « reduces
to an amount of df and the length of the cable reduces. Such variations in the cable length
significantly change the cable tension, which causes loosening at point A and B or at the
contact location: curve BC. Additionally, it becomes difficult to reach a high accuracy in
controlling angle B. Thus, it is practically necessary to propose a decoupling mechanism to
address these issues and enhance the performance of the cable-driven system.

Cable B

Elbow pulley

Cable-end lock

‘A
{ A.
-
C C
= = =
c~ c-
Cable-end lock Z L \ zZ ) \ 4 J
NN NG
(a) Setting- up state (b) Operating state

Figure 1. Schematic principle of a simple cable-driven mechanism for actuating the rotational motion
of link 1 around a hinge joint M. (a,b) The illustrations of the mechanism at the setting-up (initial)
and operating states, respectively. In (a), B and C are the starting-contact points between the cable
and the pulley, and «, § are the angles BMC and AMZ. In (b), {A*,B",C*} and {A~,B~,C™ } are,
respectively, the positions of the points A, B, C when f increases or decreases an amount of dp.

1.2. Related Works on Decoupling Mechanism

Previous works have introduced various designs of decoupling mechanisms. One
common approach involves inserting a spring between the cable end and the cable-end
lock to automatically compensate for variations in the cable length [27-29]. Additionally,
Liu [30] presented a parallelogram-decoupling mechanism that uses a cylindrical-compliant
guide as a spring element to manage changes in the cable length through the spring’s
displacement. While this mechanism straightforwardly maintains the cable length, it
suffers from lower operational accuracy due to the axial vibrations induced by the spring.
Moreover, selecting an appropriate spring with the correct stiffness becomes a challenge,
especially in applications with large deviations in the payload. More recently, decoupling
mechanisms using a cable-wound base have gained attention. For example, the authors
in [31] theoretically proposed a decoupling mechanism for driving a jaw gripper, which
uses planetary gear transmissions and pulley systems as the core structure. Similarly,
Surong [26] introduced a novel decoupling mechanism based on a cable-wound system.
However, significant variations in the cable tension were still observed when changing
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angle «, and friction forces between the two cable ends had a considerable impact on
the tension.

Our study presents a novel design for a decoupling mechanism that effectively main-
tains both the length and tension of the cable by leveraging a balanced geometrical configu-
ration. The mechanism consists of three pulleys: minor, main, and guiding, all mounted
on a parallelogram assembly. The cable runs through these pulleys and automatically
compensates for length variations through geometrical adjustments. A theoretical model
was developed to analyze the effects of geometrical parameters and friction on deviations
in the cable length and tension between the two cable ends. Based on this model, the
decoupling mechanism was designed, and experiments were conducted to validate the
theoretical findings. The contributions of this paper include the following: (1) proposing a
novel decoupling mechanism design that minimizes cable length variation during rotation,
addressing the issues identified in [26,31]; (2) reducing axial vibrations along the cable,
overcoming the challenges outlined in [27-30]; (3) minimizing tension deviations between
the two cable ends caused by friction; and (4) enabling the mechanism to accommodate
multiple cables without creating a bulky structure.

2. Design of Decoupling Mechanism
2.1. Principle Design

In Figure 1, in the initial state, the length of the cable /. is the sum of the line/curve:

AB (I4p), BC (Igc), and CZ (Icz). Hence, the change in [ is an entity depending on S, in
other words, we have

Al = r.dp. (1)

To eliminate the variation in r.dp in Equation (1), a novel principle for the decou-
pling mechanism is designed, as illustrated in Figure 2. In this scenario, the decoupling
configuration includes three pulleys: main, minor, and guiding, with their center shafts
located at N and J, respectively. The center N is located between the line MZ and far
from M at a distance of d4 (d4 < d). Further, L, and K, are the centers of the hinge joints
at their locations, positioned at a distance of d3 with d3 < d; from line MZ. Link JKN
(termed the driving link) is used to drive a parallelogram mechanism, KLMN ([32,33]),
via a connecting link, KL. To ensure the decoupling works normally, ds + 7, is smaller
than dy — d4. After mounting the decoupling mechanism, from C, the cable travels to
the main pulley, guiding pulley, and minor pulley before ending at Z in a trajectory
D—-E—F—G—G— H—I— Z. In this situation, the cable length additionally
appends other lines such as Icp, Ipg, IEF, IFG, IGH, IHI, 17, determined as follows:

flep] 00 0 00 17,
InE e 0 0 00 0 4
I 0 0 singg 0 0 0 ;b
Iecl=100 0 ® 0 o0 r5 )
lgH 0 0 singpgy 0 O 0 T’g
lHI 0 0 0 0 Y 0 dm
LIzl o0 0 0 0 sings|-°

In Equation (2), the entities 3, ¥4, and 5 are, respectively, calculated at
arccos [(rp — rg)/ds], arccos (4, /ds), and arccos (1, — r¢)/ds, which are the constant val-
ues. Hence, when the driving link rotates around N, there is no variation in the angles and
edge lengths of the polygon GHNEEF]. In other words, the angle ¢ is always a constant and
the elements in the left-hand side of Equation (2) depend on the angles 8 and -y. Accord-
ing to the explanation in the model of Figure 1, when A travels to position A", we have
the lengths Igc and Iy, respectively, reducing an amount of r.df and r,,,dB, whereas Ipg
increases an amount of r,d . By combining Equations (1) and (2) Al with the inclusion of
the decoupling mechanism, this can be deduced as follows:

Ale = dB(re — 15+ Tm). 3)
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In Equation (3), the value of Al has the signs “+” or “—" with respect to the motion
of A to AT or A™, respectively. Also, Al varies with the radius of the pulleys and is
completely independent of distance parameters such as d1,d,dy, ds, dg. To eliminate the
deviation of the cable length, the value of Al. in Equation (3) has to become zero. Therefore,
Equation (3) is transformed into Equation (4):

Ty = T'm + te- (4)

Equation (4) enables the design of the pulley system dimensions before its installation
on the mechanism shown in Figure 1 under the assumption that only the geometry is
considered, and the thickness of the cable ¢, is ignored. In real conditions, each nominal
dimension t,, ty, 1 is always accompanied by a corresponding dimension tolerance of
D., Dy, Dy and a shape tolerance of Se, Sy, Sy after machining. Assuming that S;, Sy, Sp
can be ignored, the nominal dimensions ., 7y, 1, are replaced by the actual dimensions
Re¢, Ry, Ry, which are calculated at 7, + D, 7y + Dy, 1 + Dp. In other words, the relation
in Equation (4) can be presented by R,, Ry, Ry, and ¢, in Equation (5):

Ry = Ry + Re + te. (5)

Connecting
link

Driving link

Guiding
pulley

(a) Setting-up state (b) Operating state

Figure 2. Schematic illustration of decoupling mechanism with the pulley-based system in setting-up
state (a) and operating state (b). In this figure, r¢, 13, 7, ¢ are the radii of the elbow, main, minor, and
guiding pulleys, respectively. B, C, D, E, F, G, H, and I are the points where the cable makes contact
with the pulleys. Also, v, 6, and ¢ are the central angles on the minor, main, and guiding pulleys,
respectively. I, J, and K are on the same link (termed the driving link).

2.2. Influence of Decoupling Mechanism to Structure Kinematic

Attaching the decoupling mechanism to the rotational mechanism in Figure 1 can
maintain the cable length during operation. However, the cable in this scenario has to
traverse through a system comprising multiple pulleys. This may cause a reduction in
the cable tension at A and Z. In the setting-up state in Figure 3a, the cable tension at two
neighbour points, outside the contact areas with the pulley, have the same magnitudes, for
instance, T4 = Tg, Tc = Tp, Tg = Tr, Tg = Ty, and T} = Ty. At the contact locations with
the pulleys, due to the influence of friction, the tensions between two neighbour points are
different by an amount of ¢#?, according to the Capstan equation [34,35]. Additionally, if
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the pulleys rotate around the hinge joints, the deviation entity e"¥ reduces by the rolling
coefficient 77. Hence, the difference in the cable tension at the pulley-contact areas can be
calculated using Equation (6):

|ATpc| = |Tp — T¢| na] [e'* =17 ( Tg || Tc

|ATpe| = |Tp — Tel | _ |76 | |e*® —1| ) 3Tp || Te ©)
ATe| = Tr =Tl [ |ng| |e"®—1|) Tr || Tc

|ATyy| = [Ty — Ti| ny) Letr" =1 \ Ty || T

In Equation (6), the variations in the cable tensions depend on the friction coefficients,
(i.e., p) and the sweep angle ¢, whereas other parameters relating to the pulley size do not
affect this. The sign of such variations is with respect to the correlative motion between the
cable and the pulley. Let us transform Equation (6) into AT = YT, where T is the matrix
comprising the smaller elements in each row. The function ¥ is directly proportional to the
I group: pa, Hg, te, Hy; the 7 group: na, 176, 119, 11; and the angles: a, 0, @, 7y (see Figure 4).
When there is no rolling motion between the pulley and the hinge shaft, i.e., 7 = 1), ¥
reaches a maximum value of 15.3 at # = 0.9 and « = 7. This value drops to 1.53 and
0.153, corresponding with 7 = 0.1, and 0.01, respectively. The influence of ¥ in Equation (6)
can be eliminated as # and u approach close to zero or a becomes infinitesimal. At the
operating state (see Figure 3b), as point A moves to A" position, the cable shifts from C
to D, and from G to F. In this scenario, applying Equation (6) to each contact location, we
can obtain T¢ = Tg[na (e — 1) 4+ 1], Te = Tp[ne(e?® — 1) +1], Tr = Tg[ns(ete® —1) +1],
and Ty = Tyl (e"” — 1) 4+ 1]. Hence, the relation between the cable tension between
points A" and Z can be shown as follows:

(a) Setting- up state (b) Operating state

Figure 3. Kinetics analysis of the cable tension in setting-up (a) and operating (b) states.
Ta, T, Tc, Tp, Tg, Tr, Tg, Ty, T1, and Tz are, respectively, the cable tension at each starting-contact
point. The blue arrows indicate the local motions of the cable at each line according to the rotating
direction of link 1.
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Figure 4. Estimation of ¢ by the variation in y, and « according to three levels of 7 =1, 0.1, and 0.01.
In this scenario, we can replace & with other angles such as 6, 9, and +y to calculate ¢ in such cases.
See Table 1 for the numerical value of ¢ in the cases of 7 =0.1 and 0.01.

Table 1. i value of #=0.1 and 0.01 at a =3.1.

i n=01 n=03 n=20.6 n=0.9
0.1 1.53 0.54 0.15 0.04
0.01 0.15 0.05 0.02 0.004
Tar _ [y (@O —1) + 1] [p(eto’ — 1) +1] -
Tz [ip(ero@H4P) — 1) 4 1] [y (eree=) — 1) +1]°
Concurrently, when A moves to A, the relation in Equation (7) becomes
Ta _ [ales ) — 1) + 1)po(eo0—%) 1) +1 ®

Tz (17, (et F8B) — 1) 4 1] 579 (ete? — 1) + 1]

Equations (7) and (8) prove that the ratio between T4 and T varies according to the
change in angle d 8 and the moving direction of point A. Additionally, this ratio depends
on the frictional coefficients from the y and # groups.

2.3. Three-Dimensional Model of the Decoupling

The decoupling mechanism described in Figure 3 was designed for carrying out
experiments. To drive link 1, one motor was mounted with its center shaft coinciding with
N. As shown in Figure 5, link 1 was a bar with one end rotated around shaft 2 having its
center line coincident with M (in front view). This shaft was also the joint between link 1
and panels 1 and 2. The remaining end of this link was connected with connecting link LK
via shaft 1. The driving link JKN comprised two symmetrical plates (plate 1 and plate 2)
with N and ] being the centers of shaft 3 and shaft 5. One end of this link was connected
with the connecting link via shaft 4, whereas the remaining end had different connections,
i.e., plate 1 rotating around shaft 3 and plate 2 fixing a motor shaft. The pulley group
included four pulleys: the elbow pulley on shaft 2, the minor and main pulleys on shaft 3,
and the guiding pulley on shaft 4. The cable was locked at A and traversed through the
pulley system before being terminated at Z at the bottom. The mounting trajectory of the
cable was similar to that shown in the illustration in Figure 2. The decoupling mechanism
was attached to a standing structure through shaft 3 and the motor. This structure included
link 2, which was mounted on a jig. Link 2 consisted of two panels, panel 1 and panel 2,
which supported the parallelogram mechanism integral to the decoupling system. As the
motor rotated, it activated the driving link JKN, which in turn drove the motion of both the
connecting link KL and link 1. Throughout this process, the cable length was automatically
maintained by the decoupling mechanism.

From the design in Figure 5, we have the value of the angles at 8=56.5° as follows:
a=122.7°,0=65°, 8=176.1°, and v =123.5°. The variation in the cable tension between
two cable locks A and Z depends on the position of link 1 with link 2. Hence, the range of
dB = [0,1.4] (rad), which means B =[0.99,2.39] (rad), is the main parameter for investigating
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the kinematics model of the decoupling mechanism. Let us estimate the tension ratio T4 / Tz
in the case of link 1 rotating in the clockwise direction corresponding with Equation (7)
and the friction coefficients being the same for each group, i.e., # and # for the y and 7
groups, respectively. Figure 6 shows the relation of T4 and T after applying parameters
from the design into Equation (7). In this scenario, the ratio is a positive covariance with
u and rapidly increases when p — 0.9, whereas it displays inverse covariance with dp.
The maximum and minimum values of T4 / Tz are, respectively, at {dB, u} = {0,0.9}, and
{dB, u} = {1.4,0.1} in each inset graph. Additionally, T4/ Tz becomes closer to 1 when 5
reduces to zero. In other words, the tension loss in the cable is insignificant if the pulleys
rotate or the contact interfaces between the cable and the pulleys are smooth. By applying
the estimation of Equation (7) with the same input parameters into Equation (8) with link 1
reversing its moving direction, we can achieve a similar theoretical conclusion.

_Connecting
bar

P

Guiding |

pulley == || |
Minor
Driving pulley ~ I “
link |
— Link 2 Main
pulley

(a) Iso-metric view (b) Front view (c) Side view

Figure 5. Three-dimensional design of the decoupling mechanism mounted on a stand system in
(a) isometric view, (b) front view, and (c) side view. The blue dash-dotted line indicates the lowest
position of link 1 corresponding with an angle of 56.5° from the horizontal line. In this design, we
ignored 7, =7, =7 mm, and concurrently, , =15mm, and ¢, =1mm.

6 X09 6
: Yo .
H 2 5.78345
5 . s
.4 / 4
g
3 3
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Figure 6. Cont.
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Figure 6. Influence of the parameters 4, i on the tension ratio T4 / Tz at four levels of 77 (a) 1, (b) 0.1,
(c) 0.01, and (d) 0.001. These graphs were obtained from Equation (7) with the angle parameters
originating from Figure 5.

3. Results
3.1. Experimental Setup

As shown in Figure 7, the panels are made from PLA plastic and printed using the
in-house Anycubic Kobra Max 3D printer. The experimental setup utilizes a set of four
3D-printed pulleys: the elbow pulley, minor pulley, main pulley, and guiding pulley. Shaft
3 is connected to an RMD-X6 motor, which powers the entire decoupling mechanism. The
motor shaft is linked to the two panels of link 2, which are, in turn, connected to the driving
link. Additionally, the driving link is attached to a connecting link bar, rotating in sync
with the motor shaft’s movement. The entire mechanism uses a Dyneema fiber cable of
2mm radius (. =1 mm) routed through the pulleys. One end of the cable is fixed to link
1, while the other end is attached to a hook at the end of a digital force gauge. The force
gauge used has a range of 50 N to measure the tension force on the cable.

Driving bar

Guidi
Dyneema cable uiding

Pulley
Cable lock
Minor pulley
Pulley
Driving link
Slot pulley
Cable hook
Motor power
RMDX6 Motor
CAN-L Digital Force -
(white) Gauge - @@ =
CAN-H I e
(yellow) ey | =
]
Jig L 4

(a) Front view (b) Side view

Figure 7. Experimental setup for the novel decoupling mechanism with a digital force gauge sensor
shown in (a) front view and (b) side view. The dashed line in (a) the front view represents the position
of the plates attached to the motor when the shaft rotates through angles of 30°, 60°, and 80°.

3.2. Electrical Design and Control

The decoupling mechanism is actuated using the RMD-X6 high-precision, lightweight,
and compact servo motor. The motor has a reducer ratio of 6:1 and operates at an input
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voltage of 24-48 V to perform functions based on the load on the motor. In our experiments,
we use a nominal voltage of 48 V to power the motor. The motor uses a robust standard
protocol of communication, i.e., CAN (Controller Area Network) bus protocol, to receive
commands from the host computer and perform the desired action. This communication
is carried out using the PCAN-USB adapter developed by PEAK-System, which enables
high-speed CAN communication up to bit rates of 1 Mbit/s. A bus termination of 120 ()
is soldered between the CAN High and CAN Low terminals on the PCAN. The CAN
monitor PCAN-View 5 software on Windows is used for transmitting and viewing the
CAN messages. The design of the communication and control is as illustrated in Figure 8.

RMD X6

CAN Host running
PCAN-View

PCAN-USB 48V Power Supply

T T L Y T - ]

CAN.Vie
BPCANView o |

Figure 8. Schematic illustration of electrical design and control for a novel decoupling mechanism.

3.3. Decoupling Mechanism Force Test

Experiments were conducted to analyze the tension on the Dyneema cable in the
decoupling mechanism (see Figure 7). The set of pulleys used for the experiments have
radii of 15mm for the main pulley and 7 mm for the minor/elbow/guiding pulley. The
cable has one end locked at the cable lock on the driving bar, whereas the other end is
hooked at the digital force gauge, which documents the tension value of the cable in real
time. Before running the motor shaft, the decoupling mechanism setup is pre-tensioned
to three sets of forces of 5N, 20N, and 30N as measured using the digital force gauge.
Starting from the initial position of the driving link at 56.5° from the vertical line, the motor
shaft makes the mechanism rotate with dg of 0°, 30°, 60° and 80°, as shown in Figure 7.
Furthermore, experiments were conducted with four sets of motor speeds of 15dps, 30 dps,
60 dps and 120 dps.

Figure 9 shows line plots of the forces measured on the Dyneema cable at angle dj,
where the decoupling mechanism is under tensions of 5N, 20N, and 30 N. Each line further
represents the results at four sets of motor speeds at which the forces are measured when
the mechanism moves through the angles. As seen from the graph for the mechanism
under a tension of 5N, the maximum force measured is 5.5N at 80° and the minimum
force measured is 4.4 N at 30°, which is a deviation of +10% and —12%. For the mechanism
under a tension of 20 N, the maximum force measured is 20 N at the initial position of 0°,
and the minimum force measured is 15.5N at 30°, which is a deviation of —22.5%. Lastly,
at a tension of 30 N, the maximum force is 30 N measured at 0°, whereas the minimum
force measured is 24.6 N at 30°, which is a deviation of 18%. It can be inferred from the
three plots that the minimum force measured across all the experiments is that when the
decoupling mechanism is at 30°. This can be explained by the fact that, at 30°, as shown
in Figure 7, the mechanism is horizontally aligned and nearly parallel to the surface. This
generates the maximum axial compression on the driving links and the maximum shear
force on shaft 5. Such forces pull ] nearer to N by reducing the tolerance gap between the
assembly parts. Based on Equation (2), decreasing ds led to shortening Ipg, Igr, IFg, and
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Igp- Since the total length of the cable is unchanged, the cable is slightly more loosened at
this angle than at other angles, resulting in the minimum force measured.

6 21 31
5.8+ =
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56 “h
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Figure 9. Graphical representation of forces measured on the Dyneema cable at the angle dg=0°, 30°,
60° and 80°. The forces are measured when the system is under the cable tension of 5N, 20N and 30 N.

In Figure 10 under a tension of 5N, it can be seen that the forces measured at 80°
at different speeds are the highest, while at 30° they are the least. When the decoupling
mechanism is under a tension of 20N, at the initial stage of 0°, the forces are highest,
whereas at 30°, for all the speeds, they are the least. The general trend is for the force on
the cable to be lower for lower speeds of 15 dps and 30 dps. Lastly, under a tension of 30 N
the forces measured at 30° are lowest for all the speeds of the motor. The general trend
observed is for a particular angle. The force measured at a speed of 15 dps is the highest,
and on the other hand, for 120 dps, it is the lowest.
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Figure 10. Graphical representation of forces measured on the Dyneema cable at 15 dps, 30 dps, 60 dps,
and 120 dps. The forces are measured when the system is under the tensions of 5N, 20N, and 30 N.

In Figure 11, the value of each bar is the mean force value calculated when the
mechanism is traveling at different speeds of the motor. The error bars represent the
standard deviation of the set of forces measured for different speeds of the motor, for a
particular angle. For the decoupling mechanism at a position of 30°, the maximum error of
F0.55N, is for the system under 30 N. Similarly, for the angles of 60° and 80°, the maximum
error of $0.434 N and F0.34 N, respectively, is when the system is under a tension of 30 N.
Across different angles, as explained earlier and as can be seen from the chart, the maximum
error is for 30°. From Figure 11, we can also infer that at 80°, the system behaves most
similarly to the true force values with the least errors.
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Figure 11. Mean force gauge reading and standard deviation of forces measured for the system at
angles of 30°, 60°, and 80°.

In Figure 12, the error bars represent the standard deviation of the set of forces
measured for different angles of the mechanism at a particular speed. At a speed of 15dps,
the least error is 70.394 N when the system is under 5N of force and the highest error is
F1.899 N when the system is under 20 N of force. At a speed of 30 dps, the least error is
F0.419 N when the system is under 5 N of force and the highest error is 72.2053 N when the
system is under 30 N of force. A similar trend follows suit for the decoupling mechanism at
60 dps and 120 dps, where the minimum error is for the forces measured at 5N and the
maximum error is for the forces measured at 30 N. From the plot, it can also be inferred
that the mean force gauge reading measured at 5N is the closest to the true value for all the
speeds of the decoupling mechanism. The deviation tension T was slightly different at
dBin =0 and dB.x = 1.4. Concurrently, the variation in the motor speed generated was
slightly different on T7. Thus, our decoupling mechanism did not generate any significant
change in the cable tension at A and Z under diverse conditions of load and velocity.
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Figure 12. Mean force gauge reading and standard deviation of forces measured for the system at
speeds of 15 dps, 30 dps, 60 dps, and 120 dps.

3.4. Non-Decoupling Mechanism Force Test

In Figure 13, we can see three perspectives of the experimental setup for a non-
decoupling mechanism. For this mechanism, there is only one main pulley used in addition
to the guiding pulleys. The main shaft is connected to an RMD-X6 motor, which drives
the entire decoupling mechanism. The entire mechanism uses a cable of Dyneema fiber
of 2mm thickness routed through the main pulley and guiding pulleys. One end of the
cable is fixed to the driving link, while the other end is attached to a hook at the end of a

digital force gauge. The force gauge used has a range of 500 N to measure the tension force
on the cable.
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Figure 13. Experimental setup for a non-decoupling mechanism with a digital force gauge sensor
shown in (a) front view, (b) isometric view, and (c) side view.

The results obtained from the experiments are shown in Table 2 below. Similar to the
decoupling mechanism force tests, the system was subjected to three sets of forces: 5N,
20N, and 30 N. In addition, the mechanism was also made to move through 0°, 30°, 60°,
and 80°. At the highest angle, that is, 80°, the Dyneema cable measures the forces of 4.5N,
21N, and 32N, which are approximate to the initial system load. As the mechanism is
made to move downwards to 60°, 30°, and 0°, the digital force gauge readings increase. At
0°, the forces are at a maximum of 210N, 270N, and 370 N for the three sets of system loads
of 5N, 20N, and 30N, respectively. Naturally, when the system is under a load of 30 N, the
forces measured at the same angles, in comparison, are relatively higher than those for 5N
and 20N.

Table 2. Force readings between non-decoupling mechanism vs. decoupling mechanism.

Angle Force =5 Force =20 Force = 30
0° 210|5.5 270 | 20 370 |30
30° 136 | 4.6 153 ] 15.5 300|259
60° 27153 63177 150 | 28.3
80° 45|53 21|18.7 321295

Table 3 below shows the % breaking strain force on the Dyneema cable when the
system is subjected to loads of 5N, 20N, and 30N. The Dyneema cable used for the
experiments has a peak load of 200 kg (or 1961.33 N). When the driving link is at 80°, the %
strain on the Dyneema cable is under 2%. As the system is subjected to higher loads, the
cable is consequently subjected to larger strains. The strain on the Dyneema cable is at its
highest of about 18.9% when the mechanism is at 0° and the initial system tension is 30 N.

Table 3. % breaking strain on the Dyneema cable for non-decoupling mechanism vs. decoupling

mechanism.
Angle Force =5N Force =20N Force =30N
0° 10.7% | 0.3% 13.8% | 1% 18.9% | 1.5%
30° 6.9% | 0.2% 7.8% | 0.8% 15.3% | 1.3%
60° 1.4% | 0.3% 3.2% | 0.9% 7.6% | 1.4%
80° 0.2% | 0.3% 1.1% | 1% 1.6% | 1.5%

From the comparisons in Tables 2 and 3, in the non-decoupling mechanism, both the
cable tension and breaking strain are significantly higher than in the decoupling mechanism,
leading to two key issues. First, if the cable is fully clamped at the locks and the system
is rigid, the cable undergoes greater elongation, resulting in control inaccuracies and
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reduced cable durability. Second, if the cable stiffness exceeds that of the system, the
increased tension can loosen the cable locks or even damage the system. Our proposed
decoupling mechanism addresses these issues, offering a solution superior to that of
systems lacking any decoupling mechanisms. Compared to previous designs using spring-
based decoupling mechanisms, our approach eliminates vibration along the cable by
using geometrical compensation. However, one challenge is that our design requires high
precision in the fabrication and assembly processes, such as in the pulley radii and the
distances between the shafts. This issue will be discussed in the next subsection.

3.5. Influence of the Dimension Tolerance on the Cable Length

The accuracy of the pulley radii significantly impacts the efficiency of the decoupling
mechanism. This issue was discussed in Equation (5), with the results presented in Figure 14.
In this analysis, the variation in the cable length Al. was estimated across a range of d
with four levels of tolerance in the pulley radii Dj: 0.01, 0.1, 0.2, and 0.3 mm. As shown
in Figure 14a, when df increased by 1.4rad, Al grew by 0.014, 0.14, 0.28, and 0.42 mm,
respectively, in direct proportion to D;. Conversely, when the main pulley radius was
smaller (D, was negative), Al, decreased by the same amounts of 0.014, 0.14, 0.28, and
0.42mm as Dj; increased with an inverse relationship to df. The deviation in the cable
length directly affects cable tension. Dyneema cable, with its high stiffness and Young's
modulus of around 60 to 110 GPa, can be considered to exhibit non-elongation under
tension. However, even minor deviations in Al., depending on the system stiffness and
tightness of the cable locks at A and Z, could result in loosening or motor overload.
Therefore, in practice, achieving higher pulley precision minimizes tension variation. For
cables with lower stiffness, elasticity can help compensate for geometrical inaccuracies in
the mechanism, offering some flexibility.
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Figure 14. Influence of tolerance D;, on the cable length variation Al when changing angle . In this
figure, four levels of Dy, are (a) 0.01, 0.1, 0.2, and 0.3 mm with a positive sign and (b) —0.01,-0.1,
—0.2, and —0.3 mm with a negative sign input for the investigation. The estimated outcomes were
obtained by applying the parameters from the design in Figure 5 to Equation (5).

The theoretical model in Equation (2) indicates that the dimension of the mechanism
including d1, d, d3, d4, ds, and dg is independent of the variation in Al.. This can be applied
in terms of S;, S, Sy closing to zero. The shape tolerances S;, Sy, S, always exist, with their
magnitudes depending on the fabrication methods. Thus, the influence of such dimensions
needs to be considered after fabricating the pulleys. Also, the mechanism dimensions
determine the value of the angles {«, 6, 9, v} that affect the ratio in Equations (7) and (8).

3.6. Influence of Friction on the Cable and Controlling System

In cable-driven applications, the friction between the cable and its contact components
significantly influences the durability of the cable, the operation lifetime, and the power
of the actuators. For instance, the Bowden cable in [36—40] facilitates a reduction in the
number of pulleys or string cords/cables, and in [41,42], it eliminates another spring
element. However, the friction force between the cable and the path cover, the pulley,
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and the shaft is very large, causing abrasion in the cable, especially under a heavy load
and motions at high speed. Hence, after short-term usage, users have to adjust the cable
tension due to the reduction in cable durability. The main challenge is to maintain the
controllable accuracy of the cable-driven mechanism. Our decoupling mechanism tackles
such problems with the help of the rolling pulley system that transforms sliding friction into
rolling friction on the cable (see the estimation in Figure 6). In other words, the influence of
friction in this mechanism may be neglected.

In summary, the decoupling mechanism proposed in this study can prevent the cable
from changing its length when angle B varies with different velocities and pre-tension.
By inverting the mounting direction of the cable, this model is also appropriate to the
opposite cable branch in Figure 1. Thus, it is useful for a wide range of applications
including cable-driven systems, as introduced in Section 1. Using a geometry-based
mechanism to compensate for cable length can improve the stiffness of cable-driven systems.
This is because the tension depends on the cable’s stiffness, which is an advantage over
spring-based decoupling mechanisms. However, our mechanism requires high precision in
fabrication and assembly, along with low friction on the pulleys—such requirements that
may not be as critical in spring-based mechanisms.

4. Conclusions

This paper presents a novel decoupling mechanism designed to maintain a consistent
cable length across a hinge joint, based on a geometrical structure. The mechanism was
analyzed theoretically and tested experimentally to evaluate the effects of friction and
geometrical precision on the cable length and tension variations. The experimental findings
demonstrated that the decoupling mechanism effectively preserves both the cable length
and tension as the two links rotate around the hinge joint. The variations in the cable
tension were minimal, showing slight changes with angle p and the rotational speed of the
driving link, which closely matched the theoretical predictions. This study found that the
cable tension fluctuations were mainly influenced by the accuracy of the pulley radii, while
the friction losses were negligible when there was smooth contact or rotation around the
pulley shafts. By leveraging the principle of geometric balance, this decoupling mechanism
enhances the durability and stability of cable-driven systems without introducing com-
plex structures. This approach can be extended to future applications involving multiple
cables, such as cable-driven robotic arms, exoskeletons, robotic hands, continuum robots,
and more.
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