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Design and Evaluation of a Cable-Actuated
Palletizing Robot With Geared Rolling Joints

Wontae Choi , Student Member, IEEE, and Jungwook Suh , Member, IEEE

Abstract—In the structure of a palletizing robot, auxil-
iary links are generally used to drive rotational links and
maintain the horizontal orientation of the robot end-effector.
However, with recent developments in manufacturing tech-
nologies and the increasing diversity of tasks, there is a
demand for reducing the space occupied by auxiliary links
with lightweight robot designs. In this article, a new method
to reduce the size and weight of palletizing robots by re-
placing the existing auxiliary links with cable-actuation is
proposed. First, the kinematics of a palletizing robot with
parallelogram linkages based on geared rolling joints is ex-
plained. Additionally, the effects of multiple cable windings
on the joint speed reduction are examined. A theoretical
analysis of the relationship between the joint angle and
cable length confirms that serially connected geared par-
allelograms can decouple joint motion. Furthermore, the
effect of the cable length from the motor to the actuation
joint on the stiffness is analyzed. Finally, experiments are
conducted using a manufactured robot prototype to verify
the effectiveness of cable windings, decoupled joint mo-
tion, and robot stiffness, and to confirm the accuracy of
distal position and orientation. Consequently, the proposed
cable-actuated palletizing robot is expected to be applied in
various industrial robot designs.

Index Terms—Actuation and joint mechanism, mecha-
nism design, palletizing robot, rolling joint, tendon/wire
mechanism.

I. INTRODUCTION

IN VARIOUS industrial fields, robots have replaced human
labor in repetitive tasks to improve production efficiency.

These robots generally consist of vertical articulated structures
and follow a serial configuration, where actuators are directly
connected to each joint of the robot. However, in simple palletiz-
ing tasks that do not require multi-degree-of-freedom (DOF)
movement of the end-effector, the heavy actuators located at
the joints can decrease the robot’s operational efficiency [1].
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To improve this, palletizing robots have been developed with
actuators placed near the base part. This structure reduces the
weight and inertia of the robot arms, thereby ensuring energy
efficiency and high payload capacities [2], [3].

Palletizing robots generally feature a 4-DOF parallel struc-
ture, which enables energy efficiency, high positional accuracy,
and repeatability. These features are crucial in precision manu-
facturing and automation industries. In logistics and production
lines, palletizing robots are commonly used to perform repet-
itive tasks, such as stacking, unstacking, and pick-and-place
operations [4]. In terms of structural configuration, these robots
utilize two or more auxiliary links to drive rotational links while
maintaining the horizontal orientation of the distal links [5]. This
design simplifies control, increases the robot arm stiffness, and
extends the reachable range of distal links. However, the auxil-
iary links do not provide a separate speed reduction effect, and a
thick link structure is required to achieve high payload capacity.
Therefore, the auxiliary links occupy unnecessary space within
the robot, which limits the reachable workspace and increases
the risk of collision. Considering this aspect, several studies
have attempted to replace the auxiliary links with timing belts
to actuate the distal joints [6], [7]. However, limitations persist,
particularly during high-load tasks, even when the stiffness has
been increased by using metal pins and synthetic fibers inside
the belt.

To address this problem, a cable-actuation mechanism can
effectively replace the auxiliary links or timing belts in existing
palletizing robots. Steel cables offer several advantages, such
as low cost and flexible motion, and can enable the design of
a lightweight robot [8], [9], [10]. Additionally, using a parallel
structure with cables can facilitate the placement of heavy actu-
ators at the base, thereby reducing the robot’s inertia [11], [12],
[13]. Moreover, unlike auxiliary links and timing belts, which
lack significant speed reduction effects, cables can be wound
around the multiple idle pulleys to amplify motor torque and
robot stiffness [14], [15]. However, applying cables into existing
pivot joints presents structural limitations, which complicates
achieving the desired speed reduction effect [16].

In this article, a new method for improving the structure of a
palletizing robot is proposed. A cable-actuated geared rolling
joint is specifically applied to amplify the motor torque and
stiffness, as well as to achieve decoupled motion of the joint,
and enable a lightweight design. To verify the effectiveness of
this structure, serially connected rolling-based parallelogram
linkages are utilized. In these parallelograms, cable-actuated
rolling joints enable independent joint motion. This feature
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Fig. 1. Schematic diagram of a geared parallelogram with the different
neutral angles when: θN = 22.5◦ and θ = 22.5◦.

simplifies the addition of electrical wiring and material supply
to the distal links [17].

The rest of this article is organized as follows. Section II
introduces the parallelogram mechanism based on geared rolling
joints and analyzes the kinematics of the proposed palletizing
robot with geared rolling joints. In Section III, an analysis of the
cable-actuation for the parallelogram structure is described. This
includes the effects of multiple cable windings and decoupled
joint motion, along with a stiffness analysis. Section IV details
the manufacturing of a prototype for the proposed palletizing
robot, as well as the corresponding experiments and results. In
addition, a discussion and a comparison between the results of
theoretical simulations and experimental results are presented.
Finally, Section V concludes this article.

II. ROLLING-BASED PARALLELOGRAM MECHANISM

Parallelogram linkage is generally utilized in palletizing
robots to handle large payloads. It enables the construction
of a low-DOF robot arm, which maintains the orientation of
the distal link during positioning movements. Fig. 1 shows the
parallelogram linkage with rolling joints. Unlike the existing
pivot joints with R = 0, the rolling joints consist of a pair of
circles with a central distance of 2R. These multi-axis rolling
joints are joints that enable 1-DOF rotational movement between
two axes [18]. Additionally, circular spur gears can be applied
to prevent slippage on the rolling surfaces, which simplifies the
design of the rolling joints [17], [19]. The angle of the connecting
link, which maintains a constant distance between the two gears,
is half the angle of the rotation link. Therefore, the distal link
maintains a parallel structure with the base link. Meanwhile, in
the design of a palletizing robot with geared parallelograms, it
is important to consider the neutral posture. As depicted in the
bottom right of the figure, the neutral posture is defined by the
differences in the neutral angle of the parallelogram. Here, θN
is a constant design parameter representing the angle between
the rotation link and the horizontal plane when the rotation link
angle θ is zero.

The kinematics of the proposed parallelogram, which includes
the geared rolling joints, is complicated by the gear pitch circle
radius [20]. When these joints are applied to a 4-DOF palletizing
robot, its kinematics can be expressed using ten sets of Denavit–
Hartenberg (DH) parameters based on the modified method,
as given in Table I. Here, ji represents the order of the local

TABLE I
DH PARAMETERS FOR ROLLING-BASED PALLETIZING ROBOT

Fig. 2. Coordinate systems of the proposed palletizing robot for kine-
matic analysis.

coordinate systems, where j is the number of local coordinates,
and i is the variable angle θi of the rotational link. LJ is the
constant length of the long rotation link, and RJ is the radius
of the gear pitch circle, which remains constant for each rolling
unit joint in this robot. Additionally, θNi

represents the neutral
angle, which is required only for the two parallelograms where
the geared rolling joints are applied.

Fig. 2 shows the local coordinate systems for the kinematic
analysis of this robot, which can be expressed using a homoge-
neous transformation matrix as follows:

0
10T =

⎡
⎢⎢⎣
c14 −s14 0 px
s14 c14 0 py
0 0 1 pz
0 0 0 1

⎤
⎥⎥⎦ . (1)

The position elements can be calculated as follows:

px=c1
(
a1+a2+L1cN2+L2cN3+4RJcN2/2+4RJcN3/2

)
(2)

py=s1
(
a1+a2+L1cN2+L2cN3+4RJcN2/2+4RJcN3/2

)
(3)

pz = d1 + L1sN2 + L2sN3 + 4RJsN2/2 + 4RJsN3/2. (4)

Here, new parameters are adopted to simplify the expres-
sion as follows: θij = θi+j ; si = sin θi; ci = cos θi ; si/2 =
sin θi/2 ; ci/2 = cos θi/2 ; cNi = ci+θNi

; sNi = si+θNi
;
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Fig. 3. Workspace analysis of the geared palletizing robot.

cNi/2 = ci/2+θNi
; and sNi/2 = si/2+θNi

. Therefore, the distal
position of the rolling-based palletizing robot is influenced by
θNi

and RJ . Moreover, θ4 is the angle of the distal wrist joint,
which is kinematically independent of the robot’s positional
changes.

To analyze the positional accuracy of the proposed palletizing
robot, it is necessary to perform inverse kinematics (IK) calcu-
lations. Although closed-form solutions are generally preferred
for robots with simple structures, obtaining these solutions for
a palletizing robot with rolling joints is very difficult. In such
cases, a numerical approach using a Jacobian matrix can be
applied. First, by taking the derivatives of (2)–(4) with respect
to time, the following relation is satisfied:

[ṗx ṗy ṗz]
T = J(Θ)

[
θ̇1 θ̇2 θ̇3

]T
. (5)

Here, the Jacobian matrix J(Θ) indicates that the angular ve-
locity of each rotational joint can be determined from the veloc-
ity of the distal link. In this relation, IK solutions are computed by
iteratively reducing errors from nonlinearity for positional anal-
ysis. Therefore, the expression [θ̇1 θ̇2 θ̇3]

T = J−1[ṗx ṗy ṗz]
T

can be used to numerically calculate the required rotation angle
of each joint.

Fig. 3 shows the workspace of the proposed palletizing robot
with planar coordinates and an isometric projection, as derived
from (1). Here, the range of the rotation link angle is lim-
ited to ±67.5◦, with neutral angles θN2 = +22.5◦ and θN3 =
−22.5◦. The solid line represents the robot workspace with
RJ = 30 mm, while the dashed line represents the workspace
of the existing pivot joints withRJ = 0. Therefore, the analyzed
position clarifies that the rolling joints, which include the addi-
tional design parameter RJ, represent a more comprehensive
design.

III. CABLE-ACTUATION MECHANISM

A. Cable-Actuation of a Rolling-Based Parallelogram

As mentioned in Section II, the central axis of the rolling joint
is not defined as a single axis. Therefore, a special mechanism is
required for the geared parallelogram, where cables are applied
selectively to some of the rolling joints. Fig. 4 depicts two

Fig. 4. Comparison of cable anchoring methods for a geared paral-
lelogram. (a) Humped design with external cable routing. (b) Humpless
design with internal cable routing.

Fig. 5. Analysis of rotation link angle and cable length in humpless
design. (a) Schematic of the cable windings. (b) Details of the cable
lengths wound around multiple pulleys.

methods of cable anchoring for a parallelogram with rolling
joints. The blue and red lines represent the cables for extension
and flexion actuation, respectively. Fig. 4(a) and (b) depicts the
“humped design” and “humpless design,” respectively, where
the cables are routed through the external and internal spaces
of the parallelogram. Although the required motor rotation
directions are different, these two cable anchoring methods
provide the same actuation effect. Therefore, to save the robot
volume, the humpless design can be adopted to construct the
proposed palletizing robot. Meanwhile, the limited elasticity of
a single actuation cable can be supplemented by wound around
the multiple idle pulleys nC times to reduce the joint speed [14],
as shown in Fig. 5 (nC = 2). When applying the joint angle θi
with small idle pulleys located at a distance dP from the center
of the rolling joints, the total lengths of the cables between the
two idle pulleys are

lbE = 4nC(RJ + dP si/2) (6)

lbF = 4nC(RJ − dPsi/2). (7)

The amounts of cable actuation required for the joint angle
θi can be expressed as follows: ΔlbE = +4nCdP si/2 and
ΔlbF = −4nCdP si/2. On the other hand, the partial cable
lengths la and lc remain constant regardless of the joint angle
θi to satisfy nC (la + lc) = constant. This relation is valid
irrespective of the pulley radius because the sum of the winding
angles of the cable around the pulleys remains constant even
when the joint angle changes. Therefore, when the joints are in
the neutral posture, the two actuation cable lengths are identical,
and the resultant overall lengths of the winding cables lE and lF
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are

lE = lbE + nC (la + lc) (8)

lF = lbE + nC (la + lc) . (9)

These relations confirm that the two actuation cables are
completely symmetrical, and satisfy ΔlE + ΔlF = 0. There-
fore, a single actuator can be used to actuate the joint with a
circular spool of radius RM to supply the cable actuation length
of ΔlM = θM RM . Therefore, the motor rotation angle θM
required for the joint rotation θi can be expressed as follows:

θM =
4nCdP
RM

si/2. (10)

Additionally, in a parallelogram, the angle of a unit joint is
equal to that of another joint on the diagonally opposite side.
The resultant speed reduction is determined by the sum of the
cable windings nC on the pair of unit joints. This arrangement
of multiple cable windings results in a high reduction ratio and
increased stiffness with a slim design.

B. Decoupled Joint Motion

When applying a cable actuation to the proposed palletizing
robot, the driving motion of the actuator, located at the base part,
must be transmitted accurately to the distal joints. However, if
the actuation cable is routed improperly, it can limit the range
of joint motion, leading to positional errors of the robot [21],
[22]. Fig. 6 shows a cable routing passing through a via-joint
schematically. In this parallelogram, the actuation cable passes
diagonally across the two idle pulleys, which are concentric with
the rolling gears. Therefore, as depicted in Fig. 6(b), the total
cable length of the via-joint can be expressed as

LV =
∑

RP θPk
+
∑

ldk
+ 2

√
RJ

2 −RP
2. (11)

Here, RP represents the radius of the idle pulleys. θPk
is the

partial winding angle of the cable on the pulleys, and ldk
is the

non-contact length of the cable segment between the pulleys,
where k is the order of the partial cables. For counterclockwise
rotation of the rotation link, as shown in Fig. 6(c), the partial
length of the winding cable on the left pulley increases by θi/2,
while it decreases by −θi/2 on the right one. Therefore, the
total length of the actuation cable through the via-joint remains
constant. Consequently, the driving motion of the actuator can
be transmitted to the distal goal joint regardless of the motion of
the intermediate via-joints.

Palletizing robots can be assembled effectively by using two
of the proposed parallelograms. In the elbow-up position, the
upward movement is controlled by θ2 at the first proximal
joint, while the second distal joint moves downward by −θ3.
Fortunately, using geared unit joints ensures that the distal joint is
not affected by the motion of the intermediate via-joints. Accord-
ingly, the serially connected geared parallelograms do not affect
each other, and their motions can be decoupled completely.
Fig. 7 shows the routes of the actuation cables in the two serially
connected geared parallelograms schematically. Here, the base

Fig. 6. Schematics of the cable routing passing through a via-joint.
(a) Pulley disposition for a constant cable length, (b) the partial cable
length in the neutral posture. (c) Total cable length in the rotational
posture.

Fig. 7. Conceptual design of a cable-actuated parallelogram linkages
with the rotation link angles. (a) θ2 and (b) θ3.

and middle links are represented by L0 and L3, respectively; L1
and L4 denote the lower rotation links, and L2 and L5 represent
the upper rotation links. The solid lines represent the partial
cables, whose variable lengths between the links Li and Lj are
lEij and lFij , as calculated in (8) and (9). On the other hand, the
dashed lines represent other partial cables with constant lengths,
including LLi on link Li and LV ij at the via-joint between Li
and Lj.

The actuation cable for rotating the first parallelogram starts
from motor M2 on link L0, passes through links L1 or L2, after
winding around the idle pulleys, and then winding around once
again before being fixed to linkL3. Similarly, the actuation cable
for the second parallelogram passes through the first parallelo-
gram including the middle link L3, and then winding around the
idle pulleys on links L4 or L5 before being fixed to link L3.
Therefore, the total length of the extension and flexion cables
of the proximal and distal parallelograms can be expressed as
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follows:

LCE(θ2) = LL0+lE02+LV02 + LL2 + LV23 + LL3 + lE31

(12)

LCF(θ2) = LL0+lF 01+LV 01 + LL1 + LV13 + LL3 + lF 32,
(13)

LCE(θ3) = LL0 + LV 01 + LL1 + LV 13 + LL3 + lE34, (14)

LCF(θ3) = LL0 + LV 02 + LL2 + LV 23 + LL3 + lF 35. (15)

Thus, based on the neutral posture with θi = 0◦, the ca-
ble actuation lengths are determined as follows: ΔLCE (θi) =
+4nCdPsi/2 and ΔLCF (θi) = −4nCdPsi/2. Consequently,
the cable actuation required for the second parallelogram is
unaffected by the change in θ2. This means that each actuation
of the two parallelograms can be decoupled completely.

C. Stiffness Analysis

The stiffness of the geared parallelogram is analyzed schemat-
ically, as shown in Fig. 8. All components are assumed to be rigid
bodies, except for the actuation cables. The friction between
the cables and pulleys is also ignored. When the motor rotates
clockwise, the relationship between the cable tension TM due to
the motor and the virtually amplified tension TP resulting from
the cables winding around the idle pulleys can be expressed as
follows: TP = 2nCTM . Additionally, the relationship between
the linear displacement near the motor ΔxM and the change
in distance between the idle pulleys ΔxP , which amplifies the
tension, can be expressed as: Δ xP = ΔxM/2nC . Therefore,
through the multiple cable windings, the cable tension is am-
plified, leading to a reduction of the joint speed to 1/2nC .
Moreover, when the cables are composed of multi-stranded
elastic materials, the cable stiffness KC can be approximated
as

KC ≈ CCCECA

Ltotal
. (16)

Here, CE and CA represent the elastic modulus and cross-
sectional area of the cable, respectively. On the other hand,CC is
introduced as a correction factor to calculate the cable stiffness,
and it is set to zero for the initial prediction without experimental
results. The total length of each pulling cable Ltotal is calculated
as follows:

Ltotal = LMJi + 4nC(RJ + dP si/2) + nC (la + lc) . (17)

This relation indicates thatKC is inversely proportional to the
total length of each pulling cable Ltotal. Here, LMJi represents
the constant length of the cable from the motor to the joint, and i
is the variable angle θi of the rotation links of the first and second
parallelograms. Fig. 9 shows the relationship between LMJi and
KC. Here, LMJi ranges from 100 to 1000 mm, and nC = 1, 2,
4, and 6. The following values are used for the calculation: dP =
40 mm; RJ = 30 mm; θi = 0◦; CE = 200 GPa; and CA =
0.789 mm2. The results indicate that KC is nearly inversely
proportional to LMJi. Thus, when LMJi is large, nC does not
significantly affect the cable stiffness KC .

Fig. 8. Schematic diagram for the stiffness analysis of a parallelogram.

Fig. 9. Relationship between the cable stiffness KC and cable length
LMJi.

Meanwhile, dm, which represents the average distance be-
tween the actuation cables and center of the rotation axes, can
be expressed as dm = dP ci/2. If a small rotational displace-
ment Δθi is applied without motor rotation, the amplified cable
tensions for flexion and extension can be calculated as follows:

TF = KC (Lpre + 2nCdmΔθi) (18)

TE = KC (Lpre − 2nCdmΔθi) . (19)

Here, Lpre represents the pretensioned cable length. Then, the
external torque ΔτJ generated by these cable tensions is applied
to the joint as

Δ τJ = nC dm (TF − TE) . (20)

Therefore, the resultant joint stiffness KJi = ΔτJ/Δθi,
can be expressed using (18) and (19) as follows: KJi =
4KC nC

2di
2. By substituting (16) and (17), the following ex-

pression can be obtained:

KJi =
4CECAnC

2dP
2ci/2

2

LMJi + 4nC(RJ + dP si/2) + nC (la + lc)
. (21)

Additionally, when an external force FZ is applied in the
Z-direction on the distal link of the serially connected 2-DOF
parallelograms, the linear distal displacement ΔZ of the robot
arm will be

ΔZ =
FZL

2
2c

2
2

KJ2
+

FZL
2
3c

2
3

KJ3
. (22)

The Z-directional linear robot stiffness KRZ can be defined
as: KRZ = FZ /ΔZ. In this relation, the Z-directional total
linear compliance CRZ of the proposed robot is achieved by
adding the compliance of two parallelograms. It can be cal-
culated as the reciprocal of the robot stiffness, as follows:
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Fig. 10. (a) Analysis of the relationship between the rotation link angle
and joint stiffness of a 1-DOF parallelogram with LMJi = 1000 mm and
(b) Analysis of the Z-directional linear compliance for various postures
of the proposed palletizing robot with LMJ2 = 100 mm and LMJ3 =
1000 mm.

CRZ = (L2
2c

2
2/KJ2) + (L2

3c
2
3/KJ3). By substituting (21), the

following calculation can be derived:

CRZ =
L2

2c
2
2

4CCCECAnC
2dP

2ci/2
2

LMJ2+4nC(RJ+dP si/2)+nC(la+lc)

+
L2

3c
2
3

4CCCECAnC
2dP

2ci/2
2

LMJ3+4nC(RJ+dP si/2)+nC(la+lc)

. (23)

Consequently, this robot can estimate ΔZ at a specific pos-
ture when an external force is applied, using (21)–(23). This
calculation enables the prediction of cable deformation based
on the number of cable windings nC. Fig. 10(a) shows the
relationship between the rotation link angle and the joint stiffness
of a parallelogram. Here, LMJi is 1000 mm, θi = [−90◦, 90◦],
and the other parameters are the same as those in Fig. 9. If LMJi

is very long, the joint stiffness is approximately proportional to
the square of nC for the complete range of θi; the maximum
stiffness is achieved in the neutral posture of the joint where
θi = 0◦.

Fig. 10(b) shows the Z-directional linear compliance for var-
ious postures of the proposed palletizing robot, where nC = 4
was applied for the first and second parallelograms, respec-
tively. The following values are used for the calculation: LJ =
300 mm, LMJ2 = 100 mm, LMJ3 = 1000 mm, and other
parameters are the same as those shown in Fig. 10(a). These
two simulation results confirm that the values of the cable
windings nC and the cable length LMJi applied to the geared
parallelograms can affect the overall stiffness of the proposed
palletizing robot. Therefore, the importance of selecting the
appropriate values for nC and LMJi in the initial design of the
proposed palletizing robot.

IV. EXPERIMENTAL VALIDATION AND DISCUSSION

A prototype was designed to experimentally verify the cable-
actuated palletizing robot, as shown in Fig. 11. Most commer-
cialized mechanical components were procured from MISUMI
Korea, and a Markforged 3-D printer using Onyx material with
micro carbon fiber was utilized to manufacture all nonstan-
dardized components. This robot prototype’s total weight was
4.1 kg, and the weight of the actuation links were 1.3 and 1.1 kg

Fig. 11. Prototype design of the proposed palletizing robot with a cable
tension measurement sensor.

for the first and second parallelograms, respectively. Moreover,
a Dynamixel XH430-W350-R motor with a 3.4 N ·m stall
torque was used. To improve the robot stability, a crossed roller
bearing was applied at the base part. The utilized transmission
cable was made of SS304 with an ultimate tensile strength of
1570 N/mm2, a diameter of 1.0 mm, and a 7 × 19 construction.
The following design parameters were applied to this robot:
θN2 = +22.5◦, θN3 = −22.5◦,LJ = 300 mm,RJ = 30 mm,
RM = 25 mm, dP = 40 mm, LMJ2 = 250 mm, LMJ3 =
750 mm, respectively. Meanwhile, in this current robot design,
the actuation ranges of the rotation links are limited to ±67.5◦

to prevent collisions of components.

A. Effect of Multiple Cable Windings

To verify the effect of the multiple cable windings, the motor
M2 torque of the first parallelogram was measured when driving
θ2 without changing θ3. Subsequently, the motor M3 torque of
the second parallelogram was measured when driving θ3 without
changing θ2. The parallelograms were actuated five times at a
low rotational speed of 13.7 deg/sec in the range of ±67.5◦. In
Fig. 12, the red, blue, and green lines represent the motor torques
measured for three different numbers of cable windingsnCi. The
dotted lines represent the theoretical motor torque predicted by
applying the weight of this robot prototype. The value for the
first proximal parallelogram, nC1 was determined by the sum
of the cable windings on the pair of diagonally opposite sides.
For the upward motion, the root mean square torques of the first
parallelogram were measured as [0.749, 0.588, 0.441 N ·m],
and for the second parallelogram were measured as [0.751,
0.538, 0.442 N ·m], respectively. When comparing the pre-
dicted motor torque values based on the robot’s weight with the
experimentally measured values, the resultant root mean square
errors (RMSE) of the motor torques were [0.1901, 0.1863,
0.1843N ·m] and [0.1721, 0.1827, 0.1811N ·m], respectively.

The measured motor torque results indicated that the root
mean square torques during upward motion decreased by an
average of 41.12% and 41.15% for the first and second parallel-
ograms, respectively, in a comparison between the largest and
smallest numbers of cable windings. Additionally, to compare



CHOI AND SUH: DESIGN AND EVALUATION OF A CABLE-ACTUATED PALLETIZING ROBOT WITH GEARED ROLLING JOINTS 3143

Fig. 12. Relationship between the cable windings and the required
motor torques for the (a) first parallelogram and (b) second parallelo-
gram.

the measured motor torques with the theoretical values, the RM-
SEs averaged 0.1869 and 0.1789 N ·m, indicating no significant
difference. Therefore, despite using a low-torque motor, the
cable tension was amplified successfully with a speed reduction
effect was achieved by the multiple cable windings at the joints,
as explained in Section III-A. However, the motor torque was not
entirely proportional to the number of cable windings nC . This
issue might have been caused by the sliding friction between
the gear teeth and the rolling friction between the cable and idle
pulleys in the multiple joints.

B. Decoupled Joint Motion

In Fig. 11, the red box illustrates the measurement of the
cable tension TC , which is converted from the measured force
TL on the load cell as: TL = 2TCsinθT . Each parallelogram
was actuated independently five times at a low rotational speed
of 13.7 deg/sec within a range of ±67.5◦, while the other was
paused. As shown in Fig. 13, a cable pre-tension of 7.3 N was
applied, with the cable windings of nC1 = 5 and nC2 = 2. The
black dashed line represents the rotation link angles θi, while
the red and blue lines indicate the measured cable tension TCi.
Here, the theoretical values of the cable tension were equal to
the cable pre-tension. As a result, the minimum and maximum
values of cable tension changes for the two parallelograms were
measured as [−0.7361, 0.7285 N] and [−0.7771, 0.3628 N],
respectively.

In these results, the tension changes in the two actuation ca-
bles were not symmetrical. This asymmetry could be attributed
to the friction caused by the numerous idle pulleys used for cable
routing. The first proximal parallelogram involved more pulleys
than the second one, particularly when a large nC was required.
This led to an accumulation of friction and reduced symmetrical
changes in cable tension. However, even though the motor
torque increased during the upward motion, the tension changes
resulting from the other parallelogram did not exceed ±0.8 N.
This means that the joint motion can be nearly decoupled, as
explained in Section III-B.

C. Robot Stiffness

To evaluate the effect of multiple cable windings on the
robot stiffness, the Z-directional distal displacements for various
weights were measured while the robot was in a static posture.

Fig. 13. Measured cable tensions for the repeated joint actuation test:
The influence of (a) θ2 on TC2 and (b) θ3 on TC1.

Fig. 14. Measurement of distal displacements for various weights with
the different number of cable windings.

In Fig. 14, three different lines represent the measured distal
displacements for the weights located on the distal link, with
rotational link angles of θ2 = 22.5◦ and θ3 = −22.5◦ achieved
by fixing the motor angles. For comparison, the black dotted
line shows the predicted distal displacement when the value
of nC is infinite. The true distal position of the distal link
was measured using the IRIS motion tracker from PS-TECH
with IR-markers. Consequently, when a weight of 1400 g was
applied, the resultant distal displacements for the three cases
were measured as 9.77, 8.62, and 7.61 mm, as given in Table II.

By comparing the measured distal displacement with the
theoretical value calculated in (22), it is confirmed that the exper-
imental values were larger. This discrepancy can be attributed to
the deformation of the link components and cables in this robot
prototype. The pseudoinverse matrix was utilized to calculate
the deformation of the link and cables when a weight of 1400 g
was applied. This allowed for the estimation of the displacement
whennC was infinite. Consequently, the cable stiffness predicted
from the simulation was calculated to be approximately three
times greater than the corrected cable stiffness deduced from
the robot prototype, as given in Table II. Additionally, the
distal displacement due to the link’s deformation is predicted
to be approximately 7 mm in three cases. The deformation of
this link is considered to result from the low stiffness of the
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TABLE II
Z-DIRECTIONAL DISTAL DISPLACEMENT OF PALLETIZING ROBOT

3-D-printed components of the robot prototype, even though
they were reinforced with microcarbon fibers. To improve this,
the manufactured components could be replaced with metallic
materials. Meanwhile, in the current design, the lengths ofLMJi

for the first and second parallelograms were relatively short, at
250 and 700 mm, respectively. Therefore, the joint stiffness was
not proportional to the square of nC , as described in (21)–(23).

D. Accuracy of Distal Position and Orientation

Fig. 15 shows additional experiments that confirm the robot’s
performance in terms of position accuracy and orientation accu-
racy in both the lateral and frontal planes. The blue dashed line
represents the theoretical value of a 200 mm square, which is
expected to be the most frequently used area within the robot’s
workspace. Additionally, Fig. 15(a) shows the actual size of the
robot, which is longer than the length of a human arm. An inertial
measurement unit sensor and a motion tracker were utilized to
measure the orientation and obtain positional information of
the distal link, respectively. To quantitatively analyze the distal
position, the robot was actuated to move along points Pj , as
shown in Fig. 16. The palletizing robot was actuated clockwise
five times at a rotational speed of 13.7 deg/sec, with the cable
windings of nC1 = 5 and nC2 = 2.

In Fig. 16(a) and (b), the red lines indicate the measured
distal position. The resultant positional RMSEs for points Pj

measured in the two planes were averaged [2.4986, 1.4396,
5.6513, 3.3142 mm] and [4.4871, 4.6083, 5.8419, 4.9693 mm].
These positional errors can occur in extended robot postures
due to cable elongation. The errors could be mitigated by
increasing the number of cable windings to prevent excessive
tension changes. Additionally, the repeatability of the measured
positions is given in Table III. Resultantly, the positional
standard deviations for measured points Pj in the two different
planes were averaged at 0.0075 and 0.0185 mm, respectively.
These results can satisfy the repeatability requirements for most
industrial robots, even when using cables and without the need
for expensive speed reducers.

Meanwhile, to verify that the distal link maintains a horizontal
orientation, the ‘roll’ and ‘pitch’ angles, which are directly
affected by the robot operation, were measured. In Fig. 16(c) and
(d), the red and green lines represent the measured roll and pitch
angles of the distal link. The resultant angular RMSEs for the
entire path in the two planes were averaged at [0.6742◦, 0.0351◦]
and [0.4732◦, 0.0607◦], respectively. These results show that
the operational performance of the palletizing robot was little

Fig. 15. Various postures to verify the actuation test. (a) Lateral plane
and (b) frontal plane.

Fig. 16. Measurement results of positional accuracy. (a) and (b) Mea-
sured distal position. (c) and (d) Measured distal orientation.

TABLE III
DISTAL POSITIONAL REPEATABILITY OF PALLETIZING ROBOT

influenced, and the horizontal orientation of the distal link could
be effectively maintained.

V. CONCLUSION

In this article, to improve the structure of the palletizing robot,
the cable-actuated parallelograms with geared rolling joints
were applied. These serially connected parallelograms offer a
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compromised design that balances between the robot stiffness
and a lightweight structure, with cable-actuation serving as an
intermediate solution. To achieve a desirable robot design, the
kinematics related to the robot’s distal position and workspace
were analyzed. Moreover, the relationship between the joint
angle and cable length, the effect of the multiple cable windings,
and the decoupling of joint motion were theoretically analyzed.

The proposed palletizing robot was experimentally validated
using a manufactured prototype composed of 3-D-printed com-
ponents reinforced with microcarbon fiber material. In the exper-
imental results, cable tension was successfully amplified through
multiple cable windings. Additionally, the serially connected
geared parallelograms could be actuated individually. This de-
coupling of joint motion significantly simplifies electrical wiring
or material supply to the distal links. Therefore, with an appro-
priate number of cable windings and other design parameters,
it is possible to achieve performance comparable to that of the
existing industrial robots. Meanwhile, the proposed palletizing
robot offers significant design advantages by simplifying the
structure of parallel robots. This approach strategically places
actuators in the base part, providing a foundation for incor-
porating additional wrist joints or end effectors into various
parallel robots. In conclusion, the proposed palletizing robot
with geared parallelograms contributes to a lightweight and slim
robot design, which has the potential to replace the small robotic
arms currently utilized for pick-and-place operations in logistics
and production lines. Therefore, the proposed cable-actuated
palletizing robot is expected to significantly contribute to the
development of industrial robots.
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