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ABSTRACT

Cable-driven serial robots have emerged with high potential for widely applications due to their compact
size and low inertia properties. However, developing this type of robots encounters a motion coupling issue
that the movement of one joint leads to motion of other joints, resulting in complex control. In this paper,
we proposed a novel approach for motion decoupling based on a noncircular pulley. The length change of
the driving cable caused by the motion coupling problem is resolved by using the noncircular pulley. The
calculation process of the profile for the noncircular pulley is illustrated in detail. An optimization process
based on brute force method is presented to identify the optimal parameters to minimize the compensation
error. A cable-driven serial robot based on the decoupling method is prototyped for assessments.
Experiments are conducted to evaluate the performance of the proposed motion decoupling method. The
results reveal that the proposed method can effectively resolve the motion coupling issue by maintaining
almost constant cable length with a maximum accumulative error only as 0.086mm, demonstrating the
effectiveness of the method.
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1. INTRODUCTION

Serial robots have been widely used in different applications such as assembly [1],
surgery [2] and mine rescue [3]. They are characterized by a single open-loop kinematic
chain, which consists of a series of links that are interconnected through revolute or
prismatic joints [4]. The serial robot usually has a compact size and can provide a larger
workspace when compared to a parallel robot operating under similar conditions [5].
Furthermore, serial robots can also provide high adaptability, programmability, high
dexterity, and good maneuverability [6].

Traditional serial robots are commonly designed with electric motors and
gearboxes mounted at the joints, which can result in high weight and a high level of inertia
in the robotic arm [7]. This can pose challenges for improving operational speed [8,9] and
increase the energy consumption of the system [10]. Various solutions have been used to
solve the problem such as using counterweight mechanism [11] or spring mechanism [12].
The counterweight mechanism usually attaches a counter mass to fix the center of robot
mass and compensate gravity [10]. However, the counterweight method can result in an
increase of the overall mass and inertia of the system [13] and sacrifice the dexterity of
the robot [14]. For the spring mechanism, it utilizes the stored spring potential energy to
remove the fluctuations in the gravity potential energy [11]. However, it can potentially
cause vibrations in the spring and transmit the spring moment to the corresponding joints
[15]. Traditional serial robots also encounter application challenges. For example, in
surgical application, the serial robots face challenges including space limitation and

potential environmental hazards. First, in order to access the human abdominal cavity,
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the size of the surgical robot must be smaller than the incisions or natural orifices.
However, it can be challenging to maintain both a compact size and sufficient actuation
force when employing directly motor-driven actuation that includes electronic
components on the joints [16]. Second, as surgical robots require close interaction with
human skin or internal organs, it is essential to sterilize the end-effectors of the medical
robots to prevent the spread of infections or contamination. However, this process can
pose a significant risk of damaging the electronic components of the robot when these
components are directly attached to the robotic joints [17,18].

Cable-driven actuation method represents a viable solution to solve the
challenges. The cable-driven actuation method allows electrical motors and gearboxes to
be situated away from the joints, and the motion and force are transmitted by cables.
Thus, the weight and inertia of the serial robot can be reduced [19], and this method also
permits the minimization of robot size, while still ensuring sufficient actuation power, as
remote motors are not constrained by size. Furthermore, relocating the electronic
components of the serial robot ensures that they are not damaged during the sterilization
process.

One type of cable-driven serial robots has a snake-like or continuum configuration,
wherein all the links are driven together by wires, instead of being driven with each
individual robotic joint [20]. Despite being compact and resistant to hazards,
continuum/snake-like serial robots suffer from under-actuation, meaning that they lack
the actuation capacity to drive each joint individually. Consequently, the desired

manipulator trajectories may be deflected by the load presented at the end link or any
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external disruptive forces acting on the robotic body [16]. Another type of cable-driven
serial robot is a fully actuated serial robot with each joint driven by a pair of wires
individually. However, one challenge in creating a fully actuated rigid-link serial robotic
manipulator with the cable-driven method is related to motion coupling. Specifically,
cables driving the upper joints must pass through the lower joints. As a result, driving the
lower joints will not only rotate themselves but will also lead to the movement of the
upper joints, thus decreasing the robot’s controllability. Therefore, decoupling the motion
in the cable driving serial robots represents a crucial area of research focus.

Different methods have been proposed by researchers to address the motion
coupling challenges in cable-driven serial robots. These methods can be broadly
categorized into software compensation and mechanism compensation methods [21].
Software compensation techniques involve developing algorithms to compensate for the
length change in driving cables caused by motion coupling. Quigley et al. [22] utilized a
feedforward term in the algorithm to decouple motion joints in a four-joint manipulator.
Chen et al. [23,24] used kinematics analysis to compensate for the length change. Sang et
al. [25] developed a surgical instrument and decoupled the joint motion by deriving the
relationship between rotor space and joint space. However, the software compensation
methods are computationally demanding, require precise motion information and are
challenging to simultaneously compensate for all the joints [26]. Furthermore, a lack of
real- time synchronization of all the joints can cause slack or significant internal force in
the cables, which can impede the decoupling process [27]. In contrast, mechanism

compensation methods aim to compensate for the cable length change by developing
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novel mechanism structures. Glachet et al. [28] designed a mechanism that synchronizes
the rotational movement of the forearm and drives motors to maintain a constant cable
length, thereby eliminating the motion coupling. However, the size and mass of the
mechanism increases significantly because of the bulky bar linkage structure and the
moving motors, leading to a degraded dynamic performance [26]. Lee et al. [29]
developed a decoupling mechanism by adding a moving pulley, which moves linearly
using a decoupling link to compensate for the cable length change when the forearm joint
rotates. This method may increase the complexity of cable routing [30]. Feng et al. [21]
decoupled the coupled motion by using a differential planetary gear set, which consists
of one sun gear, three planet wheels, one gear shaft and one under wire wheel. During
motion, the sun gear drives the three planet wheels, causing the under-wire wheel to
rotate in the same direction, thus decoupling the coupled motion. The structures of the
decoupling mechanisms are usually complex, and the complexity of the structure can also
complicate the cable routing. Thus, the purpose of this research is to design a compact
mechanism to decouple the motion in cable driven serial robots. Mechanism
compensation methods usually use pulleys to guide the cable routing. In [31], the authors
used noncircular pulleys to guide the trajectory of the end-effectors by controlling the
cable winding/unwinding on the pulleys. It is inspired that a noncircular pulley can not
only guide the cable routing but also can impact the cable winding/unwinding with its
noncircular profile. Thus, it has the potential to compensate for the length change for

motion decoupling in cable driven serial robots.
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In this paper, we propose a novel mechanism compensation method that utilizes
a noncircular pulley to route the cable and, and decouple the motion in cable-driven serial
robots. By incorporating this noncircular pulley into the mechanism, the control system is
simplified, and the robotic link can be kept compact. Compared with our previous study
in a conference publication [32] new calculation process of the noncircular pulley profile
is proposed to reduce the compensation error. And more constraints are taken into
consideration to reflect practical scenarios during the calibration process. In addition, a
novel optimization process based on the brute force method is introduced to find the best
parameters set that can minimize the compensation error during motion decoupling, and
at the same time, make the robotic structure compact. Furthermore, a prototype with 2
degree-of-freedom is developed to demonstrate the performance of the motion
decoupling method. The structure design and methodology for the proposed mechanism
are detailed in the paper. Experiments are conducted to validate the effectiveness of the
motion decoupling method.

The paper is structured as follows: Section Il describes the mechanical design and
the process of calculating the profile of the noncircular pulley. Section Ill introduces the
optimization process for the noncircular pulley. In Section IV, the performance
verification of the noncircular pulley in compensating for cable length change and motion

decoupling is presented.

2. Motion Decoupling Design
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The mechanism of the circular pulley plays a pivotal role in achieving motion
decoupling, preventing undesired movement of other joints. Thus, the details of the
mechanism and the calculation process of the noncircular pulley are illustrated in the
following section.

2.1. Motion coupling analysis

( . sl Lower Joint
Upper Joint

Link 3 : =

y B

7 7 -

| \ \
Pulley4  Link2  Pulley 3 Pulley 2 Pulley 1

Fig. 1: Motion coupling issue in cable-driven serial robots

Cable-driven serial robots are prone to motion coupling issues due to the routing
of cables. The cables driving the upper joints need to pass through the lower joints. As
the lower joint rotates, the motion will cause the length change of the driving cable for
the upper joint and thus lead to the rotation of the upper link.

As shown in Fig. 1, three robotic links are joined by a lower joint and an upper
joint. The lower joint is driven by the green cables, while the upper joint is driven by the
red cables, which pass through the lower joint. Four pulleys are fixed on the links to route
the passing cables. And two of them, Pulley 2 and 4, are installed co-axially with the lower
joint and upper joint, respectively. Arc KL is the passing-by cable wrapped on Pulley 2

before rotation. As the lower joint rotates clockwise by an angle o, Arc KL changes to
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Arc K'L. Thus, the change of the length of the passing-by cable can be quantitatively
expressed by the following equation:

Al=r*a (1)
where r is the radius of the joint pulley (Pulley 2), and Al represents the length change of
the driving cable for the upper joint during the rotation of the lower joint.

Since the passing-by cable drives the upper joint, any length change can cause a
a' degree movement of the upper joint, resulting in motion coupling issues. This coupling
issue can significantly affect the performance and accuracy of cable-driven robots,
particularly in applications that require high precision, such as medical procedures and
manufacturing processes. Therefore, it is essential to develop effective mechanisms to
compensate for length changes in cable-driven systems and mitigate the impact of motion
coupling issues.

2.2. Mechanical design

Upper joint . gy Link 1
driving cable Rotational Jutes = Noncircular pulley |- ,
= TIIII]E;' pulleys
1 = @ O =) . ! .
Linkz OOOOOO o . ." 4 = . -
! T = | NS = "

Pulley 1 \ — =
F E——% 1 e A
Pulley 2 L a =\
Wire encode ‘

(a) (b)
Fig. 2: (a) Concept design of the robotic link; (b) The prototype of the robotic link.
To address the motion coupling issue in cable-driven serial robots, we propose a
method that uses a rotatable noncircular pulley in place of Pulley 3 to compensate for the
length change. The objective of using the noncircular pulley is to ensure that the length

of the passing-by cables remain constant during the movement of the lower joints.
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The overview of the conceptual design is illustrated in Fig. 2(a). The robot design
has two links and one rotational joint to demonstrate the idea of how the noncircular
pulley compensates for the length change during motion. Link 2 has two fixed guided
pulleys, Pulley 1 and Pulley 2, and Link 1 has a rotatable noncircular pulley. Pulley 2 is
installed co-axially with the rotational joint. A cable, used to simulate driving an upper
joint in the cable driven robot, is guided by the three pulleys, and passes through the
rotational joint. One terminal of the cable is attached on the left end side of Link 2 and
another terminal of the cable is attached to a wire encoder as shown in Fig. 2(b), which is
used to monitor the length change during motion. If only the lower joint rotates, and the
rotation does not change the length of the cable driving upper joint, it demonstrates a
decoupling function. Two guide pins, Pin E and Pin F, are designed to guide the cable’s
route. Fig. 2 (b) shows the prototype of the cable-driven robot. The method proposed in
this research requires the noncircular pulley to rotate the same degree as Pulley 2.
Therefore, as shown in Fig. 2 (b), two identical timing pulleys connected by a timing belt
are used to synchronize the motion of Pulley 2 and the noncircular pulley. Since our
research is primarily concerned with the motion coupling issue in the robotic link, the
structure of the robotic link is simplified by using a step motor to directly drive the
rotational joint instead of the cable-driven method. And the research problem is centered
around evaluating whether the length of the cable can be maintained constant by using
the proposed noncircular pulley during joint rotation.

2.3. Noncircular pulley profile calculation
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As the cable length compensation is related to the profile of the noncircular pulley,
this section focuses on the calculation process and design of the noncircular pulley profile.
Compared with our previous study [32], a new connecting points calculation process of
the driving cable is introduced, and a more accurate arc length calculation method is used
to enable more precise control of the length compensation. In addition, more constraints

are being considered in the calculation process to make it suitable for practical application.

y

Fig. 3: The profile of the noncircular pulley.

The profile of the noncircular pulley is depicted in Fig. 3, which comprises of four
parts Arc AB, Arc BC, Arc CD, and Line DA, with Point O serving as the rotation origin.
The cable is in contact only with Arc AB and BC. The shape of Arc BC is predefined.
Point R(xg, yg) on Arc BC can be calculated by using the length of Line OC and the
decreasing coefficient d., which can be represented by the following equations:

xg = (loc — d¢ * B) * cos(B) (2)

Yr = (loc — dc * B) = sin(B) (3)
where [, is the length of Line OC, B is the angle between OR and OC, and d. is the

decreasing coefficient to adjust the curvature of Arc BC. When the coefficient is set to 0,

10
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then Arc BC becomes a quarter circle. Arc AB is the noncircular part that needs to be

calculated based on the length change during rotation.

Pulley 1 Pulley 2 ytNoncircular pulley
B O
o
)/ T

o

(a)

(b)

Fig. 4: (a) Cable routing at the initial position; (b) Cable routing after rotation.

Fig. 4a shows the top view and the cable routing of the robotic link. The joint has
a 90-degree range of motion. As the lower joint rotates, the noncircular pulley will rotate
synchronously with the lower joint through the timing belt, maintaining the same angle
as shown in Fig 4b. After 90" rotation, Arc AB will completely replace the original
Arc BC and become the new contact profile with the cable. The profile of Arc AB needs
to be calculated to compensate the length change during motion.

To calculate Arc AB, the motion is divided into N steps. For each step, the

increased length on Pulley 2 can be obtained, which is then used to calculate the point of

11
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Arc AB onthe noncircular pulley. This calculation process ensures that the length change
is countered during rotation. And the final profile of Arc AB can be obtained by
connecting all the calculated points.

As illustrated in Fig. 4a, Arc GH and Arc BC correspond to the original cable that
connects with Pulley 2 and the noncircular pulley, respectively. While Link 2 rotates
around PointO’, the cable length increases on Pulley 2. For each step, the increased

length and rotation angle can be obtained by the following equations:

Alyy =1, % A8 (4)
A0 = 90+ (5)
N%180

where Al;; is the increased length on Pulley 2, r; is the radius of Pulley 2 and A@ is the
rotation angle for each step. To compensate for the length change at each step, the
noncircular pulley will rotate around Point O by the same degree. As shown in Fig. 4,
Point B and Point C are the initial connecting points of the driving cable on the
noncircular pulley. As the pulley rotate rotates n steps, Point P, on Arc AB and
Point Q,, on Arc BC are two connecting points of the driving cable on the noncircular
pulley. For each step, the two points replace the connecting points Point P,,_; and
Point Q,,_4 in the last step and become the new connecting points in the current step.
Point P, _, is the Point P,_; after rotation in this step, which can be calculated by the

following equation:

;[ cos(40) sin(46) (6)
=17 [—sin(460) cos(46)f ™1

12
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Compared to the (n — 1)th step, the length change around Point P, can be
described as follows:

Aliy = lpp, +1p pr = lrp,_, (7)
where Al;, represents the increased length on the noncircular pulley in the current step,

lgp, is the length between Point F and Point P, , lpnprrl_1 is the length of Line B,P,_,,

and lgp, _, isthe length of the Line FP,,_, in the last step.

Fig. 5: ConnectingPoint Q,, calculation.

As for Point Q,, it is the connecting point of Arc B'C' and Line Q,,E shown in
Fig. 5. To calculate the connecting point, Arc B'C' is the rotated Arc BC and is divided
into N points, each point on the arc will be connected with Point E to form a line, and
the corresponding slope of the line, which can be calculated by tan(y), will be calculated.
The line with the smallest slope is the Line Q,F in this step and the corresponding
Point Q,, can be obtained. After getting the actual connecting Point Q,,, the length
change around Point Q,, can be calculated by comparing to the last step.

The length change around Point Q,, comes from two part: the length change of

Arc C'Q,, compared with the length of Arc C'Q,,_;, and the length change of Line Q,,E

13



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

Journal of Mechanical Design

compared to the length of Line Q,_1E, where Q,,_; is the connecting point of the last
step and Q,,_ is the rotated Q,,_; in this step. For the length change of Arc C'Q,, it can
be obtained by comparing the connecting point of the last step and this step. The length
change is the arc length between the Point Q,,_; and the current connecting Point Q,,,
which can be represented as follows:

Alg =1lg;_ 0, (8)

where Al is the decreased length in this step.

y

Fig. 6: Arc length calculation.

To calculate lQT’l—lQn' the arc length of all the N segments on the Arc BC are
calculated. As shown in Fig. 6, since Arc BC is not a circle when the dc is not 0, the length
of OR,,_1 and OR,, is different. Thus, the Law of Cosines is used to calculate the arc

length of each segment with the following equation:

RppiR = \/lfz)Rm_l + lng — 2log,,_,lor,, cos(46) (9)

where lp g is the arc length of Ry,_ Ry, log, , is the length of Line OR,,_4
andlyg,, is the length of Line OR,,. After getting the length of each segment on Arc BC,

the length change can be obtained by adding the segments between Point Q,,_, and

14
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Point Q,,. For example, assuming the index of Point Q,,_, in Arc BC is i, the index of
Point Q,, isj and i < j, then the decreased length [; can be described as follows:

Alg =lgp,, Hlryry, T F lR]._lR]. (10)

For the length change [;3 of the Line Q,E, it can be obtained by using the
following equation:

Aliz =lg. g —lg, .k (12)
where [, g is the length of Line Q,E and [, _ g is the length of Line Q,,_,E in the last
step.

Thus, to make the cable length constant, the increased length and decreased
length should be the same, which can be described as follows:

Al + Al + Aljz = Aly (12)

Al;; is a constant value since r; and 460 are constant. And since Point E, Point F,
loc and dc are predefined values, Al;z and Al; can be calculated after getting the
connecting point Q,,. Al;, is related to Point P,, which needs to be calculated to form the
Arc AB. Here Point P, is constrained on the y axis, and it can be described as:

By = (0,y2) (13)
where y, is the coordinate value of Point P, on the axis y.

By using Eqg. 12, the value of y,, can be calculated. After calculating Point P,, a

rotation matrix is applied to rotate Point P, counterclockwise to find the original

Point P\ on the Arc AB:

cos(n*A8) —sin(n *A0)

P(O) —
n sin(n*A468) cos(n = A6)

(14)

15
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2.4. Constraints

©0.b,)y

P
“ PnAZ.-':' B'
Py ;

Fig. 7: Upper and lower limits.

When calculating Point B,, it is important to consider several constraints. Only
when all the constraints are satisfied can the length compensation process operate
accurately and properly.

First, to make sure the cable wraps on the pulley, the profile of the pulley must be
convex, meaning that the outer edges of the pulley are curved outward. To make the
pulley a convex profile, an upper-limit value is applied when calculating Point B,. As
shown in Fig. 7, Point B, is the new connecting point that needs to be calculated in this
step. Point P, _, is rotated connecting Point P,_, in the last step and Point P, _, is the
rotated connecting Point P,,_, in the step before last. To ensure the profile is convex, the
y,, value of Point P, must be less than by,:

Yn < by (15)
where b, is the intercept of Line P;,_,P,_,. The value of b, can be obtained by
calculating the line of Line P, _,P;,_.

Second, in the calculation process, Point P, is set as the new connecting point at
each step, thus, it is important to make sure that Point P, is connectable in the rotation

process. As shown in Fig. 7, when Point P, is below the point (0, b;), the cable will

16



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

Journal of Mechanical Design

directly connect with Point P,_, instead of Point P,, which will fail the length
compensation. Thus, the value of y,, of Point P, must follow the constraints below:
Yn = bl (16)

where b, is the intercept of Line FP,_;.

Fig. 8: Upper constraint of PointP,.

The last constraint is that the current Point P, must not affect Point P,,_4 in the
last step. As shown in Fig. 8, Point Pn(n_l) is the Point B, in the (n — 1)s step. If the
position of PointP,gn_l) is above Line FP,_4, then the cable will directly connect with

Point Pn(n_l) instead of Point P,_; (shown as the red line). Thus, when calculating

Pn(n—l)

Point B, in this step, it is important to ensure that Point is below Line FP,,_;.

To maintain Point Pn(n_l) under Line FP,_4, the cross point F, of Line FP,_,
and Line OM is calculated as shown in Fig. 8. And the length of OF, is used as the
maximum y value of Point P, on the y axis. The Line FP,_; can be obtained by using
Point F and Point P,_4 in the last step. For Line OM, it can be obtained by using the
slope-intercept form. Since Point O is the original point, the intercept is 0. The slope

depends on A8, which can be represented by the following equation:

17
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-1
kOM - tan(460)

(17)
where A8 is the rotation angle for each step. And the cross point Pcp(xcp,ycp) can be
obtained by combining the two lines. And the length of LineOF,, is set as the maximum
y value of the Point P, on the y axis, which can be described as follows:

Yn < lop, (18)

where lopcp is the length of Line OF,,. It is equal to \/x2, + ¥Z,. And the final y,, will be

constrained at:

by < yn < min by, lop,,) (19)

2.5. Error analysis
When calculating the profile, the error of length compensation may arise. The

error can be categorized as error at each step e,, and the accumulative error e;. And they
can be described as follows:
en = Al + Aljp + Alj3 — Aly (20)
e =e t+e,+--+e,+ ey (21)
where ¢4, e, ... e, are the errors at each step. The error may come from different sources.
Firstly, for each step, Point P, must satisfy all the constraints. When using Eq. 12 to
calculate the y, value, the solution could be outside of the boundary of the constraints.

In this case, the boundary of the constraints (b;, b, or lOBCp) will be used as the y,, value.

However, Eq. 20 will not be 0 when using this y,, value and small error will be generated.

Second, the actual error is also related to the value of angle for each step. When
Pulley 2 rotates, the length of the driving cable routed on Pulley 2 is continuously
increasing. However, when Arc AB is being calculated, the points on Arc AB is

18
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intermittent and is divided into N steps, which means the points during the rotation angle
inside each step will not be taken into consideration. The smaller step interval will have
smaller errors but may also increase the computational load.
3. Parameter optimization

When calculating Arc AB, the position of Point F(Fx, Fy), Point E(Ex, Ey), the
length of OC and the decreasing coefficient dc will affect the error during each step,
which can directly affect the performance of length compensation during motion. Thus,
it is necessary to find an optimal parameter set that can minimize the error. In addition
to the error, it is also important to keep the robotic link compact. Therefore, the goal of
this optimization process is to find the optimal parameter set that can minimize the error
and keep the robotic link as compact as possible.
3.1. Optimization process

Since the relationship between the parameters and the error remains unknown,
an optimization process based on brute force method is applied to find the optimal

parameter set.

g ™

Wide-range exploration

\ J

Conditions 1

' ~

Narrow-range refinement

. J

Conditions 2

Fine-range optimization

\ J

Conditions 3
Optimal
parameters

Fig. 9: Optimization process.
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Brute force method provides the advantage of exploring all possible combinations
of the parameters [33]. To utilize the brute force method for parameters optimization, it
is essential to first establish the parameter space and the range of values for each
parameter. Once this is accomplished, each combination of parameter values will be
evaluated, and the outcomes are assessed to determine the optimal parameter set. As
shown in Fig. 9, the optimization process contains three steps: wide-range exploration,
narrow-range refinement and fine-range optimization. For each step, Fx, Fy, Ey, loc and
dc are the parameters to be evaluated, where [, is the length of OC. Ex is set equal to
loc. The searching ranges of the parameter F,, Fy, Ey, loc and dc in each step are
divided into multiple small steps, and then combined into different parameter sets to find

the optimal one.

—'I Generate one combination of possible parameter set

l

| Feed the parameter set into the noncircular pulley |
calculation process

Satisfy all
constraints?

| Label as ‘u’ Label as *s®

| Record e, e; using Eq. 20, Eq. 21 and e,,,,, during |
the calculation process

Are all
combination
calculated?

Apply the sub-steps in the Wide-range Exploration,
Narrow-range Refinement, and Fine-range
Optimization process

Fig. 10 The flowchart of each optimization step based on brute force method.
Fig. 10 shows the flowchart of the process in each optimization step based on the

brute force method. First, one possible parameter set is generated and then fed into the
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calculation process to calculate the profile of the noncircular pulley. Constraints are
applied to the calculation process to check whether the profile is satisfied with all the
constraints. If yes, the parameter set will be labeled as ‘s’, otherwise, it will be labeled as
'v’. The errors are recorded including the error in each step e,,, the accumulative error e;,
and the error e,,4,, Which is the one with the maximum absolute value among e,, and e;.
After evaluating all possible parameter combinations, sub-steps in either Wide-range
Exploration, Narrow-range refinement, or Fine-range Optimization will be applied to
determine the optimized range for next step or the final optimal parameters.

3.1.1. Wide-range Exploration

During the first step, a rough search is performed in a relatively wide range with
big intervals of the parameters to estimate the potential optimal range.

After searching in the wide range, three sub-steps are used to narrow down the
searching area.

1. Remove unsatisfied parameter sets.
2. Set the maximum allowable range for error e,,4y-
3. Choose small Ey from the remained available values.

First, the solution of Eq. 12 must be valid. Some parameter sets may cause the
value of b; bigger than by, or [, B, and some may cause Eq. 12 to be unsolvable. These
parameter sets are labeled as 'u' in the calculation process and will be discarded.

Second, the error needs to be as close to 0 as possible, no matter the e, at each

step or the accumulative error e;. Thus, the maximum signed error e,,,, for each
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parameter set is set in an acceptable range to identify the parameter range that can
produce a small error.

Third, to create a compact robotic link, it is essential to keep E,, and [y as small
as possible. And it is important to note that E,, plays a more significant role in determining
the size of the link. Therefore, to achieve a compact design, minimizing the value of E,,
should be given first priority. Once an appropriate range for E,, is established, the focus
can then be shifted towards minimizing the value of [, .. After the first step, a small range
with potential optimal parameter set is generated.

3.1.2. Narrow-range Refinement

The narrow-range refinement involves a more focused search within a smaller
range obtained from the first step to further narrow down the range of the parameters.
The narrow-range refinement contains three sub-steps, which includes:

1. Remove unsatisfied parameter sets.
2. Sort the absolute e, , in ascending order, and find the parameter ranges
of the first 50t" parameter set.

First, the unsatisfied parameter sets are eliminated as mentioned in the wide-
range exploration step. And then the data will be sorted in ascending order based on the
absolute e; error. This process will help to identify the most suitable parameter sets that
can be used for further analysis.

3.1.3. Fine-range Optimization
The fine-range optimization is focused on finding the optimal set of parameter

values that can minimize the error. It also consists of two sub-steps:
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1. Remove unsatisfied parameter sets.
2. Sort the absolute value of error e,,,, from smallest to largest, and find
the 1st parameter set.

First, the unsatisfied parameter sets are removed. The rest parameter sets are
then sorted according to the absolute value of e, in ascending order. And the first
parameter set with the smallest absolute value of error e,,,, is set as the optimal
parameter set.

3.2. Simulation

This section demonstrates how the optimal parameter set is found based on the
above-mentioned process. The radius of the Pulley 2 is 13mm. As the joint rotates 90°,
the cable length increases on the Pulley 2 and the total length change is 20.41mm after
90° rotation, which can be obtained by using Eq. 4. To determine the best parameters for
the noncircular pulley, Point E and Point F, the optimization process is applied.

First, during the wide-range exploration step, the range of each parameter is set
to a relatively large range to estimate the potential range of parameter values that could
lead to the optimal parameter set. To initiate the optimization process, the ranges of each
parameter are defined along with a corresponding step size and the step N is set to 90.
The parameter ranges and step sizes in Table 1 are carefully selected to allow for a
comprehensive evaluation of the parameter space, while also minimizing the
computational burden of the optimization process:

Table 1. Parameters of wide range exploration

Parameters Range Step Size Optimized range
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E, [0, 10] 2 [0, 8]
E, [-100, -45] 5 [-65, -45]
E, [-40,10] 5 [-30, -10]
loc [20,40] 2 [34,40]
d. [-0.2,0] 0.05 [-0.15, -0.05]
465
466 The parameter ranges and corresponding step sizes defined above result in a total

467  of 27720 possible parameter combinations. The error e, e;, and e, are recorded and
468 the unsatisfied parameter sets are labeled as 'u' during calculation process. After
469  collecting the data, the unsatisfied parameter sets are filtered and 13874 parameter sets
470  are left. Then, the 4, is set to (-0.1,0.1) to get the parameter sets that has small length
471  compensation error. In addition, to make the robotic link compact, the maximum E,, is

472  limited to -30. And the remaining parameter ranges are shown in Table 1.

¥
*
ki
40

20

Error e,,q4.
= ek
) wt o <
L] 1 | L

|
=24
T

*

20 25 30 35
Parameter lpc

|
[y
el

473

474  Fig. 11: The relationship between [, and e,,4-
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476  Fig. 12: The relationship between dc and e, ;-
477 After the first step, the ranges of parameters E;, loc and dc are significantly

478  reduced. By analyzing the relationship between the individual parameter and the error, it
479  is also observed that [, and dc has a more significant impact on the error as compared
480  to other parameters. As shown in Fig. 11, the error e,,,, decreases as the parameter [y
481  increase. And Fig. 12 shows the relationship between dc and e, for all the satisfied
482  parameter sets. The satisfied parameter sets have a positive relationship with dc. When
483  dcis-0.1, there are parameter sets that can make the error smaller. Thus, the parameter
484  dc has asignificant impact on the error and in the next step, the parameter dc will be set
485  toasmallerrange of [-0.15, -0.05]. Both parameters will be divided into small steps in the
486  nexttwo steps. The range of each parameter for the narrow down refinement is described

487 in Table 2:

488 Table 2. Parameters of narrow-down refinement process
Parameters Range Step Size Optimized range
F, [0, 8] 1 [0, 8]
E, [-65, -45] 5 [-65, -45]
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E, [-30, -10] 5 [-30, -15]
loc [34, 40] 0.5 [34.5,40]
dc [-0.15, -0.05] 0.01 [-0.11, -0.08]
489
490 Second, the narrow-down refinement process is conducted based on the

491  parameter ranges obtained from the first step with a total of 32175 parameter set
492  combinations. After obtaining the data, the unsatisfied parameter sets are removed and
493  the first 50 parameter sets sorted by the absolute e, , are selected. The parameter

494  ranges after this step can be represented in Table 3:

495 Table 3. Parameters of fine-range optimization process
Parameters Range Step Size Optimal parameters
Ey [0, 8] 1 2
E, [-65, -45] 5 -45
E, [-30, -15] 5 -20
loc [34.5, 40] 0.5 36
dc [-0.11, -0.08] 0.01 -0.09
496
497 Finally, the fine-range optimization process is applied based on the remaining

498  parameter range in Table 3 and with a large step N(450) to find the optimal parameter
499  set. The total number of the parameter combination is 8640. After running through all
500 the combinations and removing the unsatisfied parameter sets, the data is sorted

501  according to the error e,,,, in ascending order. And the 1st parameter set is selected as
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the optimal parameter set with a value of F, = 2, F, = —45, E,, = —20,l,¢ = 36, and

dc = —0.09.

30
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Fig. 13: The profile of the noncircular pulley with the optimal parameters.

«  Errorin each st
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Fig. 14: Error during motion.

After obtaining the optimal parameter set, the profile of the noncircular pulley in

the first quadrant can be obtained using Eg. 2 and Eq. 3. And also the points Pn(o) obtained
in the calculation process can form the Arc AB in the second quadrant. Fig. 13 shows the
profile of the noncircular pulley in the first and second quadrant.

For each step, the compensation error of the noncircular pulley is shown in Fig. 14.

The black line shows the error of each step, while the blue line shows the accumulative
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error during motion. The maximum error e,,,, during rotation is 0.114mm. Compared to
the accumulative length increase on Pulley 2 without the noncircular pulley, which is
20.41mm, the length change is within a very small range and has negligible effect on the
motion of the upper joint. In addition, the e,,4, is much smaller than that with non-

optimized parameters in our previous research [32], which has 0.61 mm maximum error.

4. Experiments
To evaluate the performance of the noncircular pulley with the optimal parameter

set, a prototype is designed and experiments are conducted to detect the length
compensation error and evaluate the performance of motion decoupling by using the

noncircular pulley during rotation.

4.1. Performance of Length compensation

| Encoder .
= .

Fig. 16: Control system of the robotic link.
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The first experiment is to evaluate the performance of the noncircular pulley in
keeping a constant cable length. The experiment setup is shown in Fig. 15. The prototype
of the robotic link and a wire encoder is fixed on the table. The wire encoder is utilized to
detect the actual length change of the cable-driven robot. An ADC converter (ADS1115,
manufactured in Shenzhen, China) with 16-bit resolution is employed to capture voltage
fluctuations of the wire encoder during motion and convert them to length changes. A
calibration process is applied to establish the relationship between the voltage and the
length. The details of the calibration process are described in [32]. A cable is attached to
the robotic link on one end, routes through the joint, and then connects to the wire
encoder on the other end. The lower joint is driven by a stepper motor that receives
commands from an Arduino Uno. As shown in Fig. 16, a magnet with two poles is coaxially
mounted with the stepper motor. To control the stepper motor, a motor driver (A4988,
Motor driver, Shenzhen, China) is used, and it is configured to generate 800 pulses to
rotate the motor one revolution. The motor driver connects with the Arduino uno through
an Arduino Uno shield. A magnetic encoder is attached to the stepper motor, facing the
magnet, to detect its actual position with high precision of 12 bits. This encoder
information serves as feedback that compares the desired position with the actual
position to adjust the motion of the stepper motor for accurate positioning.

During the experiment, the robotic link rotates 90° around axis of the rotational
joint (Point O' if top viewed) as shown in Fig. 15. This rotation is discretized into 90
steps. For each step, the actual rotation of Link 2 and the cable length change are

recorded by the encoder and wire encoder, respectively.
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0.15

—e— Length change during rotation
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Fig. 17: Length changes during motion.

Fig. 17 illustrates the length change during the 90° motion. The figure shows the
actual length change during the rotation achieved by the proposed noncircular pulley. As
demonstrated in the figure, the length changes throughout the entire motion are small
when using the noncircular pulley, as evidenced by a maximum length change of 0.086
mm and an average length change of 0.028 mm. Compared with the decoupling
mechanism in [34], which has a compensation error of 1.26mm, the proposed research
has better performance in length compensation. In [26], the mechanism with decoupling
links and a moving pulley can control the length change within 0.01 mm. However, the
structure of the proposed method in this research is much more compact, and routing of
the cable is easier compared with the decoupling link mechanism. The results indicate

that the noncircular pulley effectively compensates for length changes during motion.

4.2. Performance of Motion decoupling
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.
Control system—_
y s

__

567

568  Fig. 18: Motion decoupling experiment setup

—e— Joint 2 Rotation without noncircular pulley
—e— Joint 2 Rotation with noncircular pulley

=]
=

Joint 2 rotation
[ L
[—] [—]

0 20 40 60 80
569 Joint 1 rotation

570  Fig. 19: Results of motion decoupling experiment.

571 The Last experiment is to verify the performance of motion decoupling when using
572  the noncircular pulley. A third link is added to the original prototype and joined with Link
573  2to evaluate the effectiveness. Fig. 18 shows the setup of the experiment. The prototype
574  consists of 3 links and 2 joints. Joint 1 enables the rotation of Link 2, while Joint 2
575  facilitates the rotation of Link 3. Two cables are routed around the joints to drive Link 3.
576  One end of the cables is fixed on Joint 2, while the other end is fixed on one pin on Link 1.
577  Anencoderis installed at Joint 2 to read the real-time position of Joint 2. To read the data
578  from the encoder, another Arduino Uno is introduced and communicates with the main

579  Arduino Uno via UART. During the experiment, Link 2 rotates around Joint 2 for 90° with
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1° for each step. The motion of Link 3 is recorded during the experiment under the
condition of the circular pulley and the noncircular pulley. Fig. 19 shows the results of the
motion of Joint 2 during the experiment. The black line shows the Joint 2 rotation when
using the circular pulley with a radius of 15cm. As Joint 1 rotates 90°, Joint 2 has coupled
motion with a maximum coupling angle of 77.74°. The blue line shows Joint 2 rotation
when using the noncircular pulley. During the 90°rotation of Joint 1, Joint 2 can stay in
the original position with a maximum rotation angle of 0.67°. The performance of the
noncircular pulley is much better than the mechanism in [34], which has a coupling
rotation from -2° to +2° and has similar performance with that in [35], which has a
maximum offset error about 0.29°. The results demonstrate that the implementation of
the proposed noncircular pulley can effectively decouple the motion and is a viable
solution to the coupling issue encountered in cable-driven robots. A video link? is also
attached to show the performance of the noncircular pulley in motion decoupling.
5. Conclusion

In this paper, we propose a novel approach for motion decoupling of cable-driven
serial robot by utilizing a noncircular pulley. With the noncircular pulley, the cable length
increased on the lower joint pulley can be compensated by the decreased length on the
noncircular pulley. The details of the calculation process for the noncircular pulley profile
are introduced. In comparison to our previous study [32], we have improved the
calculation process for designing the noncircular pulley profile by incorporating additional

constraints and calculating the actual connecting point of the cable and the noncircular

2 https://youtu.be/WbRvkwiHI M
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pulley. These improvements are aimed at enhancing the accuracy of the compensation
provided by the noncircular pulley. An optimization process is described to find the
optimal parameter set to minimize errors. A prototype is designed and experiments are
conducted to evaluate the performance of the noncircular pulley in length compensation
and motion decoupling, and the results indicate that the noncircular pulley successfully
compensated for length changes with a maximum error of 0.086 mm and decoupled the
motion with a maximum 0.67° rotation of Joint 2 during the 90-degree rotation of the
lower joint. These findings demonstrate the effectiveness of the noncircular pulley
method to address coupling problems in cable-driven serial robots. Compared with the
mechanism in [26], which has a four-bar linkage and a moving pulley, the structure
designed in this research is more compact and the routing is simpler by using the
noncircular pulley. Besides, compared with the mechanisms in [34,35], which uses a fixed
wheel, a following wheel, a driving wheel and/or gears, using the noncircular pulley
proposed in our research can achieve more simplicity in routing as well as assembling.
To improve the current prototype, the future works would focus on increasing the
motion range of the joints and designing a fully cable driven robot to further evaluating
the motion decoupling performance of the noncircular pulley method. In addition, a more
efficient optimization method will be explored to improve the optimization process.
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Motion coupling issue in cable-driven serial robots

Fig. 2: (a) Concept design of the robotic link (b) The prototype of the
robotic link
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Fig. 18 Motion decoupling experiment setup

Fig. 19 Results of motion decoupling experiment
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