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ABSTRACT This paper presents a rope winch with high position repeatability using a differential gear
mechanism. This winch is easy to apply to existing buildings using synthetic fiber ropes, which are generally
used by building exterior maintenance workers, and can be widely utilized as a winch of a gondola or
climbing robot. Multiple pulleys are used to achieve high payloads, and differential gear mechanisms are
used to distribute the torque across each pulley evenly. Uniform torque distribution minimizes slipping on
each pulley, which reduces the power loss due to friction. This is proven through an analysis using the capstan
equation and an experiment on a test bench. In addition, a criterion for the position repeatability of the winch
is designed, and its results show that one pressure roller achieves optimal performance when the roller at the
free end is pressed to 37 N. Extensive experiments were carried out on the final model of the winch, and
position repeatability of under 50 mm deviation per 10 m was achieved through stable torque distribution
under various payloads.

INDEX TERMS Rope winch, differential gear mechanism, position repeatability, capstan equation, rope
tension modeling.

I. INTRODUCTION
As the number of high-rise buildings have increased in
recent times, the demand for building maintenance has also
increased. In order to extend the life of a building and increase
its value, exterior wall maintenance tasks such as cleaning,
inspecting, and painting are performed regularly. Most of the
exterior building work are performed by workers who use a
gondola or a rope fixed to the roof. Since most of the work
is performed at great heights above the ground, workers are
always at risk of falling. Therefore, many researchers have
developed exterior building operating robots to ensure worker
safety and improve work quality.

The associate editor coordinating the review of this manuscript and
approving it for publication was Huiyu Zhou.

TITO 500 and Auto Façade Cleaning can ascend and
descend in the vertical direction using a gantry fixed to
the roof [1], [2]. This unmanned high-rise façade cleaning
robot is modular and is mounted on the building’s gondola
to ascend/descend the building walls [3]. These robots use
steel cables and can only be applied to buildings that have
gantries. Therefore, the robots are not applicable to existing
buildings, and additional gantry installations are required.
To overcome these limitations and apply robots to exist-
ing buildings, robots with temporary installations have been
developed. KITE and SkyScraper-I can be used by fixing a
winch to an external frame or fixed obstacle [4], [5]. However,
because steel cables have a large mass per unit volume and
are very stiff, it is difficult to install a winch at the desired
location along the exterior wall of a building.
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A mobile-type robot has also been developed that min-
imizes the installation work on the exterior wall of the
building; here, the winch is installed within the robot. The
cable-driven parallel robot and the cleaning robot from Wall
Robotics can ascend/descend using a winch inside the robot
with cables connected to the roof of a building [6], [7]. How-
ever, if there is a climbing winch inside the robot, the weight
of the steel cable is added to the payload, which has the
disadvantage of consuming large amounts of power. IPC
Eagle has a free end of ascending cable, so the payload
applied to the winch does not change depending on the height
of the robot [8]. However, for taller buildings, the weights
of the steel cables are greater, rendering transportation and
installation difficult. In addition, if the free end of the steel
cable is shaken by disturbances such as wind, damages can
be caused to the outer walls.

An appropriate winch mechanism that uses robots or
machines can be selected for the automation of building
maintenancework. At this time, the requirement of a gantry or
installation location of the winch varies according to the envi-
ronment in which the robot operates and the characteristics
of the building. Seoul National University has developed
a building cleaning robot that can be applied to general
buildings without a gantry or winch mechanism for the
robot [9], [10]. This winch mechanism is easy to install on the
roof because it uses synthetic fiber rope that workers already
use for exterior wall maintenance tasks. The winch structure
has a free end so that temporary installation is possible, and
the weight of the rope is not added to the payload.

One characteristic of the free-end-type winch is that it
supports the weight of the structure using the frictional force
between the winch and the cable or rope. Therefore, the pay-
load is determined by the characteristics of the smaller among
the actuator capacity of the winch and the friction between the
winch and cable. According to the capstan equation, the fric-
tion between the winch and cable increases exponentially
with the angle of the ropewound around the pulley [11]. In the
case of insufficient friction, the rope slips and the winch falls,
so it is important to maintain constant friction by maximizing
the winding angle of the rope.

Various free-end-type winches have been developed for
easy installation. ROPE RIDE uses a single pulley-type
winch [9]. However, when only one pulley is used, the pay-
load is low, and there are cases where the contact force is lost
and the robot moves discontinuously during descent. Multi-
wound pulleys were used in capstan winch sailboats and pow-
ered rope ascenders to improve the ascending force [12], [13].
These mechanisms add a flange structure to prevent the ropes
from slipping off, and can secure friction in proportion to the
number of turns. However, there is a problem of low posi-
tion accuracy and repeatability for climbing robots because
sideways slippage cannot be prevented during motion.

A double-drum winch uses two grooved drums to prevent
sideways slip [14]. The payload determines the rope tension
of the load and the tension of the free end. The rope tension
distribution around the pulley is determined by the values

of these two tensions [15]. However, a short section of the
rope provides the actual friction, and the remaining part
does not affect the frictional force, which is inefficient in
terms of power transmission. A cable traction control unit
(CTCU) has been developed to detect the tension of the rope
wound around multiple pulleys and to actively distribute the
load [16]. However, tension must be detected in real-time for
active control, and additional actuators are needed for load
distribution.

This paper presents a free-end-type winch with high
repeatability while maintaining the target payload. As men-
tioned above, the free-end-type winch can be easily applied
to existing buildings because only the cable needs to be fixed
to the roof of the building, and the weight of the cable is not
added to the payload. However, since the position accuracy
of the robot is reduced owing to slipping because the load
is supported by the frictional force, the frictional force is
secured through multiple windings. In the tension distribu-
tion, frictional forces are concentrated in certain parts of the
rope, which is not only inefficient in terms of power but also
adversely affects the durability of the rope.

Therefore, in this study, unlike other winches, a differential
gear is applied to the winch to implement a structure that
enables passive effective torque distribution. The differential
structure distributes the torque automatically by adjusting the
rotation amount of each pulley according to the force applied
to each pulley when several pulleys are used. Torque distri-
bution prevents unexpected slip of the rope by stably main-
taining the torque applied to each pulley. In addition, torque
loss due to friction can be minimized, thus enabling efficient
actuator use. The winch proposed in this paper has design
parameters that can be tuned, and the number and pressure
of the pressure rollers can be adjusted to provide a specific
number of windings of the rope and the frictional force.

In this paper, the number of windings of the rope is
determined by a torque distribution analysis, and the design
parameters are selected to maximize repeatability through
experiments. Thus, two pulleys are connected in a differ-
ential structure, and the pressure roller has an optimal load
distribution when pressed with a force of 37 N. In addition,
in the above condition, position repeatability was found to be
within 13 mm based on 2-sigma when moving 10-m lengths
three times.

The remainder of this paper is organized as follows.
Section 2 presents the kinematic structure and operat-
ing principle of the multiwound differential pulley winch
(MWDPW). In section 3, an analysis of the rope tension
distribution in the winch pulley with and without the dif-
ferential structure is conducted and verified through exper-
iments. Section 4 introduces experiments to determine the
design parameters for optimizingMWDPW position repeata-
bility. In section 5, a verification experiment is carried
out in which torque distribution is effectively performed.
The experiment demonstrates high repeatability performance
in the final selected MWDPW. Conclusions are presented
in Section 6.
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II. STRUCTURE OF MULTIWOUND DIFFERENTIAL
PULLEY WINCH (MWDPW)
Fig. 1 shows the overall structure of the proposed MWDPW.
This winch weighs 20 kg and has dimensions of 600 mm
(width), 600 mm (length), and 900 mm (height). The total
payload is 220 N, and the climbing speed is 6 m/min.
A traction pulley is wound by synthetic fiber rope to support
the load through friction. In order to increase the friction,
a greater rope length is wound around the traction pulley.
To this end, three traction pulleys are used, where each pul-
ley generates torque in proportion to the angle of the slip zone
of the rope.

FIGURE 1. Structure of proposed multiwound differential pulley winch.

When multiple pulleys are synchronized and rotate at the
same angle, the torque is concentrated on one pulley dur-
ing ascent/descent, so the remaining pulleys cannot provide
the frictional force. Ideally, slippage is minimized when
equal force is applied to the traction pulley, and the loss
of motor torque owing to friction is also minimized. There-
fore, by adding a differential gear, a structure that passively
distributes the torque between the pulley of fixed end and
the pully of free end is designed. When the rope is wound
around the traction pulley, it is equipped with a pressure roller
to provide sufficient traction without slipping. The pressure
roller can change the length of the spring by a lever that
adjusts the pressure. As shown in Fig. 1, there is a section
where the synthetic fiber rope is bent 90◦ between three
pulleys, and a guide roller exists so that the rope does not
leave the track.

The sensing system of the MWDPW is shown in Fig. 2.
To measure the torque across each traction pulley,
a torque sensor is connected to each pulley. Through this
torque sensor, the torque distribution of the differential
gear can be measured. The force applied to the pres-
sure roller through the spring can be measured using a
tension-and-compression-type load cell, and the amount
of rotation of each pulley can be measured through the
rotary encoder.

FIGURE 2. Schematic of sensor position in MWDPW.

III. MODELING OF TENSION DISTRIBUTION OF MWDPW
A. TENSION DISTRIBUTION OF A SINGLE
PULLEY OF THE WINCH
The main feature of the tension distribution of the pulley is
that the initial tension is amplified by the capstan equation.
The capstan equation proposed by Euler is

T (θ ) = Tinitialeµkθ (1)

where T (θ ) is the rope tension at the position rotated by θ .
The traction force of the winch increases exponentially

with the initial friction (Tinitial) by the coefficient of kinetic
friction (µk ) and the winding angle (θ). The initial tension of
the proposed winch is determined by the pressure roller. The
relation between the compression force (P) of the pressure
roller and the initial tension (Tinitial) is

Tinitial = µinitialP (2)

whereP is the compressive force, andµinitial is the coefficient
of kinetic friction with the initial tension caused by the com-
pressive force applied perpendicular to the pulley surface.
The actual initial tension adds not only frictional force to the
pulley surface but also resistance due to the radial elasticity
of the rope. However, in this study, only frictional force on
the pulley surface is considered to simplify the model.

Substituting (2) in (1) and the angle wound on the pul-
ley (θwrap) in θ , the maximum winch force (Tmax) can be
obtained as follows:

Tmax = µinitialPeµkθwrap (3)

The initial friction coefficient and motion friction coefficient
are determined by the shape and material of the mechanism.
When the hardware is the same, the maximum climbing
force (Tmax) is determined by the compression force and the
winding angle. The maximum isometric force is proportional
to the compressive force and increases exponentially with
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respect to changes in the winding angle. Therefore, it is
advantageous to increase the winding angle rather than the
compressive force in order to increase themaximum climbing
force. A conventional winch winds a rope several times in
one friction cylinder [12], [13] or several pulleys in order to
increase the winding angle [14], [16].

When the capstan equation is applied to a pulley, both slip
and nonslip zones exist on the surface of the pulley. Slip zones
are areas that slide on the pulley surface as the length of the
rope decreases or increases owing to varying tension. On the
other hand, the nonslip zone is an area where the tension does
not change, and the rope length is constant so that the rope
does not slip on the surface of the pulley. The rope speed in
the slip zone can be obtained based on the rope speed in the
nonslip zone [17]. According to Hooke’s law, the deformation
of the rope is proportional to tension, as follows:

ε(θ ) =
T (θ )
AE

(4)

where A is the cross section of the rope, and E is its Young
modulus. In this work, it is assumed that the change in
the cross-sectional area is relatively small, and the value
is regarded as a constant. The angular velocity of the rope
element in the slip zone is determined by the amount of strain
when the rope is stretched or compressed, and the amount
of strain is proportional to the tension, as shown in (4).
Therefore, the following equation can be obtained:

v(θ ) = vref (1+ ε(θ )) = vref

(
1+

T (θ )
AE

)
(5)

where vref is the rope element speed in the nonslip zone.
According to (5), the speed of the rope is proportional to the
change in rope tension. As θ increases, the tension changes
exponentially according to the capstan equation, and the
speed of the rope changes exponentially.

The tension distribution of the rope on one pulley changes
the position of the slip and nonslip zones according
to the direction of rotation of the pulley, as shown
in Fig. 3 [17], [18]. M is the torque transmitted to the pul-
ley by the drive motor, and ω is the angular velocity of the
pulley.

As the winch ascends, the pulley winds up the rope with
higher loading tension, so the pulley rotates from the region
of higher rope tension to lower rope tension. The rotation
direction of the pulley is the same as the rotation direction
of the motor torque. The slip zone and the nonslip zone when
rising are shown in Fig. 3(a). When the winch is descending,
the pulley rotates from the region of low rope tension to
high rope tension, and the motor torque and pulley rotate in
different directions. In this case, the slip and nonslip zones
are as shown in Fig. 3(b).

The larger the winding angle, the greater is the climbing
force. However, the speed difference between the rope and the
pulley exponentially increases, causing damage to the rope
and the pulley by friction. Thus, for durability, a mechanism
is needed to allow the pulley to move at different speeds.

FIGURE 3. Tension distribution graph in (a) ascending motion and
(b) descending motion.

B. TENSION DISTRIBUTION ANALYSIS OF MULTIPLE
PULLEYS OF THE WINCH
A conventional winch is designed to wind the rope sev-
eral times to increase the maximum ascending power. The
proposed multiwound differential pulley winch is designed
not only to increase the maximum ascending force but also
to distribute the same traction force to multiple pulleys to
minimize damage to the ropes and pulleys. The traction force
on each pulley is distributed passively with the differential
mechanism built into the winch (as introduced in Section 2).
Herein, based on the capstan equation, the tension distribu-
tion of the rope in the winch depends on the existence of
the differential mechanism and how it affects the traction
force. The validity of the derived equation is demonstrated by
experiments in Section 3.3. There are four cases of the winch
to derive the tension distribution, as shown in Fig. 4. In all
cases, it is assumed that the pressure rollers are pressed with
the same compression force while pressing the same position
of the traction pulley.

1) RIGID SHAFT AND TRIPLE WINDING ROPE CASE (CASE 1)
If the rope is wound around several pulleys rotating at the
same speeds, it can be assumed to be the same as if wound
several times on one cylinder. As discussed in Section 3.1,
slip and nonslip zones exist in different positions depending
on the direction of rotation. Therefore, when ascending or
descending, the position of the slip zone moves in the tran-
sient phase. If the payload applied to the winch can afford
enough of the ascending force generated by one of the pul-
leys, then the slip zone exists only in one pulley. For example,
if three pulleys are rotated at the same time as in case 1, a slip
zone is created in pulley 3 when it ascends, and a slip zone is
located in pulley 1 when descending.
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FIGURE 4. Verification cases of tension distribution analysis of multiple
pulleys of winch.

FIGURE 5. Tension distribution of triple pulleys connected by rigid shaft
when switching from descending to ascending motion (a) Tension
distribution during descending motion (start of change of direction of
movement) (b)–(d) Tension distribution shift when switching from
descending to ascending motion (e) Tension distribution during ascending
motion (end of change of direction of movement) (f) Notations of slip
zone and nonslip zones and tensions on triple pulleys.

When descending using a winch with three pulleys and
then changing direction, the expected tension distribution
graph is as shown in Fig. 5. α represents an effective slip
zone that generates traction forces, and β represents a nonslip
zone with no slip and no change in tension. γ is theoretically

a nonslip zone, but this is an ineffective slip zone where slip
exists continually owing to the difference in the rope speed
and pulley angular velocity. In region γ , the tensile strength
is very low, so little traction force is generated.

In the general case where the pulley rotates in only one
direction, there is no change of tension in the nonslip zone,
as shown in Fig. 3(a) and Fig. 3(b). The nonslip zone is β,
represented by a flat solid line in Fig. 5(b)–(d). In the β
region, no traction force is generated. Finally, the γ zone
shows little change in tension and is represented by a dotted
line. The γ zone is a section in which the tension is constant
and the speed is maintained but it is continuously slipping.
There is a speed difference before and after the slip zone,
and the nonslip zone causes the rope to wind at a constant
speed. However, if all pulleys are rotating at the same speed,
then the rope speed before and after the slip zone cannot be
the same. In this case, the rope exits on the surface of the
pulley. Because this slip has a small frictional force, there is
no change in tension, and it generates very little traction force.

Fig. 5. (b)–(d) show that the slip zone moves sequentially
from pulley 3 to pulley 1 through pulley 2. A slip zone is a
section where frictional force is generated and which gener-
ates the actual traction force. Fig. 5(b) shows that because
the slip zones are in pulley 3 and pulley 2, the traction force
is also distributed in pulley 3 and pulley 2, and ineffective
slip zones that do not generate traction force also exist in
pulley 2 and pulley 1. Fig. 5(c) is a case in which the slip zone
is only in pulley 2. In this case, pulley 3 and pulley 1 do not
produce traction forces because there is no change in tension.
In case 5(d), as in case 5(b), the slip zone exists across two
pulleys. After enough time, pulley 1 generates traction force,
as shown in Fig. 5(e).

When changing the direction of ascent and descent using
three pulleys, the tension distribution is opposite to the situ-
ation of Fig. 5, and the results are shown in Fig. 6. The slip
zone then moves from pulley 1 to pulley 3. The descending
case is different from the ascending case in the ineffective slip
zone.

Since the speed of the winch is determined based on where
the rope enters, the nonslip zone is located in pulley 1 with
low tension, and pulley 3 has an ineffective slip zone. Because
of the low tension in the nonslip zone, the ropes around
pulley 1 and pulley 2 are weakly bonded to the pulley, which
can lead to a stick-slip phenomena.

Therefore, the winch is designed to increase the value of T0
by adding a pressure roller to a mechanism that can have high
repeatability even when descending. The optimum parame-
ters for the pressure roller were derived from the experiment
in Section 4.

2) RIGID SHAFT AND DOUBLE WINDING
ROPE CASE (CASE 2)
The tension distribution when ascending and descending
using two pulleys with the same rotation speed is shown
in Fig. 7 and Fig. 8. This works on the same principle as when
there are three pulleys.
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FIGURE 6. Tension distribution of triple pulleys connected by rigid shaft
when switching from ascending to descending motion (a) Tension
distribution during ascending motion (start of change of direction of
movement) (b)–(d) Tension distribution shift when switching from
ascending to descending motion (e) Tension distribution during
descending motion (end of change of direction of movement)
(f) Notations of slip zone and nonslip zones and tensions on triple pulleys.

FIGURE 7. Tension distribution of double pulleys connected by rigid shaft
when switching from descending to ascending motion (a) Tension
distribution during descending motion (start of change of direction of
movement) (b) Tension distribution shift when switching from descending
to ascending motion (c) Tension distribution during ascending motion
(end of change of direction of movement) (d) Notations of slip zone and
nonslip zones and tensions on double pulleys.

3) DIFFERENTIAL MECHANISM AND TRIPLE
WINDING ROPE CASE (CASE 3)
In the previous section, the distribution of rope tension was
explained when the multipulley rotates at a synchronized
speed. This winch mechanism has disadvantages in terms of

FIGURE 8. Tension distribution of double pulleys connected by rigid shaft
when switching from ascending to descending motion (a) Tension
distribution during ascending motion (start of change of direction of
movement) (b) Tension distribution shift when switching from ascending
to descending motion (c) Tension distribution during descending motion
(end of change of direction of movement) (d) Notations of slip zone and
nonslip zones and tensions on double pulleys.

performance and durability because only one pulley holds a
traction force in most cases. Therefore, the MWDPW pro-
posed in this paper aims to increase the durability of thewinch
and positioning performance via eliminating ineffective slip
zones by uniformly distributing the torque applied to each
pulley using a differential mechanism. Here, tension distri-
bution through the differential gear mechanism is derived
analytically.

The differential mechanism maintains the torques of pul-
ley 1 and pulley 3 at constant rates, and retains the difference
between the angular velocities of pulley 1 and pulley 2 and
the angular velocities of pulley 2 and pulley 3. Slip zones
exist on all pulleys because different pulleys can rotate at
different speeds. Based on previous studies on the tension
distribution of ropes connected to pulleys with different
velocities, it is assumed that there are two slip zones in
pulley 2 [11], [15], [19].

First, when three pulleys are connected by a differential
gear, as shown in case 3 in Fig. 4(c), the tension distribution
of each pulley can be derived by the capstan equation and
the torque distribution equation of the differential gears as
follows. The slip zone of each pulley is α, and the nonslip
zone is β. The tension and rope speed on each pulley are
shown in Fig. 9. Fig. 9(a) shows the rotation speed of each
pulley when ascending. Fig. 9(b), (c), and (d) represent
parameters related to the speeds of pulley 3, pulley 2, and
pulley 1, respectively. The rotation speed of each pulley can
be derived as follows.

First, pulley 2 rotates synchronously with the motor. Based
on pulley 2, the differential gearmechanism is operated by the
torque difference between pulley 1 and pulley 3. The rope
rotation speed of the nonslip zone on pulley 2 is the same
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FIGURE 9. Notation of velocity and tension of (a) entire winch,
(b) pulley 3, (c) pulley 2, and (d) pulley 1 during ascending motion with
differential mechanism and triple pulleys.

as the motor speed. Two slip zones, α2 and α2,3, are located
before and after the nonslip zone. The velocity in each slip
zone is related to the magnitude of the rope tension and can
be expressed by the capstan equation as follows:

rω2 = vref

(
1+

T2
EA

)
(6)

The angular velocities of pulleys 1 and 3 can be obtained by
adding the speed change of the slip zone owing to the tension
difference to the angular velocity of pulley 2 according to the
rotational direction.{

rω1 = rω2 +1v2
rω3 = rω2 −1v2,3

(7)

where
1v2 = vref

(
1+

T2
EA

)
− vref

(
1+

T1
EA

)
1v2,3 = vref

(
1+

T3
EA

)
− vref

(
1+

T2
EA

)
From (7), the speeds of pulleys 1 and 3 can be expressed

as an expression of rope tension in the nonslip zone of each
pulley. 

rω1 = vref

(
1+

2T2 − T3
EA

)
rω1 = vref

(
1+

2T2 − T1
EA

) (8)

According to the principle of the differential mechanism,
the angular velocity of pulley 2 is equal to the average of the
angular velocities of pulleys 1 and 3.

ω1 + ω3 = 2ω2 (9)

Substituting (6) and (8) into (9) gives the following equation
for rope tension:

T3 − T2 = T2 − T1 (10)

The torque applied to pulley 1 and pulley 3 is equally
distributed by the differential gear mechanism. When the
torque applied to each pulley is τ1, τ2, and τ3, the following
relation is established:

τ1 = τ3 (11)

(10) and (11) are two relation equations in ascending
motion added by the differential gear mechanism. The torque
applied to the pulley is equal to the rope tension difference
in the slip zone of the pulley. Therefore, the tension distri-
bution in the pulleys of the winch with the differential gear
mechanism is obtained as shown in Fig. 10.

FIGURE 10. Tension distribution of triple pulleys connected by
differential mechanism during ascending motion.

The tension distribution for descending using a given
winch mechanism is also derived. The parameters related
to the speed of each pulley when descending are shown
in Fig. 11.

In a descending motion, the speeds of pulley 1 and pul-
ley 3 are derived based on the angular velocity of pulley 2.
The rotation speeds of pulleys 1 and 3 can be obtained by
adding the speed change of the slip zone owing to the tension
difference to the angular velocity of pulley 2 according to the
direction of rotation.{

rω1 = rω2 −1v2
rω3 = rω2 +1v2,3

(12)

where
1v2 = vref

(
1+

T2
EA

)
− vref

(
1+

T0
EA

)
1v2,3 = vref

(
1+

T2,3
EA

)
− vref

(
1+

T2
EA

)
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FIGURE 11. Notation of velocity and tension of (a) entire winch,
(b) pulley 3, (c) pulley 2, and (d) pulley 1 during descending motion with
differential mechanism and triple pulleys.

Substituting (6) and (12) into (9) gives the following equation
for the rope tension:

T2,3 − T2 = T2 − T0 (13)

Equations (13) and (11) are relation equations with regard to
the descending motion added by the differential gear mecha-
nism. Thus, when a winch with a differential gear mechanism
descends, the distribution of tension in the pulleys has the
shape shown in Fig. 12.

FIGURE 12. Tension distribution of triple pulleys connected by
differential mechanism during descending motion.

Ideally, by connecting three pulleys through a differential
mechanism, the performance of the winch can be improved
by equally distributing the torque across each pulley. How-
ever, there are some cases of satisfying two relations, and
there may be extreme cases where torque is not applied to

pulley 2, as shown in Fig. 13. This is the case when T1 is
larger than T2 and the tension is increased in the slip zone at
pulley 2. These results show that using many pulleys is not
always advantageous for torque distribution.

FIGURE 13. Example of tension distribution of triple pulleys connected by
differential mechanism during descending motion.

4) DIFFERENTIAL MECHANISM AND DOUBLE
WINDING ROPE CASE (CASE 4)
The differential mechanism and double winding rope case is
analyzed in this sectionwith regard to the tension distribution.
As in the triple winding rope case, the relation can be found
by combining the capstan equation and the differential mech-
anism equation. The tension distribution during an ascending
motion is derived. The parameters related to the speed of each
pulley when ascending are shown in Fig. 14.

FIGURE 14. Notation of velocity and tension of (a) entire winch,
(b) pulley 3, and (c) pulley 1 during ascending motion with differential
mechanism and double pulleys.

When the speed of the differential gear connected to the
motor is, ω3 the speeds of pulleys 1 and 3 can be obtained by
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adding the speed change of the slip zone owing to the tension
difference. {

rω1 = rωm +1v1,3
rω3 = rωm −1v1,3

(14)

where
rωm = vref

(
1+

T1
EA

)
1v1,3 = vref

(
1+

T3
EA

)
− vref

(
1+

T1
EA

)
Through (14), the speeds of pulleys 1 and 3 can be expressed
as the rope tension in the nonslip zone of each pulley.rω1 = vref

(
1+

2T1
EA

)
rω3 = vref

(15)

According to the principle of the differential mechanism,
the angular velocity of pulley 2 is equal to the average of the
angular velocities of pulleys 1 and 3, as shown in (9).

Substituting (14) and (15) into (9) gives the following
equation for the rope tension:

T3 = 2T1 (16)

The torques applied to pulley 1 and pulley 3 are equally
distributed by the differential gearmechanism, so if the torque
applied to each pulley is τ1 and τ3, respectively, then (11)
holds. Therefore, when descending using the winch of a
double winding rope with a differential gear mechanism,
the tension distribution of the pulleys has the shape shown
in Fig. 15.

FIGURE 15. Tension distribution of double pulleys connected by
differential mechanism during ascending motion.

The parameters related to the speed of each pulley when
descending are shown in Fig. 16. In a descending motion,
the speeds of pulley 1 and pulley 3 can be derived as follows:{

rω1 = rωm −1v0,1
rω3 = rωm +1v0,1

(17)

where
rωm = vref

(
1+

T1
EA

)
1v0,1 = vref

(
1+

T1
EA

)
− vref

(
1+

T0
EA

)
By substituting (17) into (9) of the differential gear

mechanism, (16) and (11) can be derived. Therefore, when
ascending using the winch of a double winding rope with a
differential gear mechanism, the tension distribution of the
pulleys has the shape shown in Fig. 17.

FIGURE 16. Notation of velocity and tension of (a) entire winch,
(b) pulley 3, and (c) pulley 1 during descending motion with differential
mechanism and double pulleys.

FIGURE 17. Tension distribution of double pulleys connected by
differential mechanism during descending motion.

C. EXPERIMENT FOR TENSION DISTRIBUTION ANALYSIS
1) TEST BENCH FOR MODEL VERIFICATION OF
PULLEY TENSION DISTRIBUTION
A test bench is shown in Fig.18 and used to verify the model
of the tension distribution. The height of the test bench is
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FIGURE 18. (a) Test bench dimensions and components when weight
structure is at bottom-limit position, (b) weight structure at upper-limit
position.

4800mm, and the test area of the winch is 3000mm.Movable
pulleys are added for testing in the same environment as in
actual building applications, and the total rope travel distance
is 18,000 mm. To verify the performance of this winch at
various payloads, a weight structure is added to the winch
mechanism. If the load weight of the winch is different, then
the tension of the rope of the loading part is also different,
so the torque distribution over the entire pulley changes.
The proposed winch mechanism is expected to achieve sta-
ble ascending/descending performance for various payloads
because torque distribution is possible through the differential
mechanism.

FIGURE 19. Sensors on (a) test bench, (b) weight structure, and (c) winch
mechanism.

The sensor used to evaluate the performance of the winch
mechanism is shown in Fig. 19. The rope tension is mea-
sured by a load cell mounted on the top of the test bench,
as shown in Fig. 19(a). The actual position is measured by
a magnetic linear encoder attached to the weight structure.
Acceleration of the weight structure is also measured by
the MEMS one-axis accelerometer, as shown in Fig. 19(b).
There are three torque sensors between the traction pulleys

and driving motor. The actual traction force generated by
the traction pulleys can be measured in real time with these
torque sensors. Three load cells at the rollers measure the
pressure of the rollers. Three rotary sensors measuring the
rotation degree of each traction pulley indicate activation of
the differential mechanism. These sensors are located on the
winch mechanism, as shown in Fig. 19(c).

2) RIGID SHAFT AND TRIPLE WINDING ROPE CASE (CASE 1)
An experiment is conducted to verify the tension distribution
for three pulleys connected to a rigid shaft and rotating at
the same speed. During an ascending motion, the slip zone
moves from pulley 3 to pulley 1 as shown in Fig. 5, and
pulley 1 carries all of the payload in the final state. During a
descending motion, the slip zone moves from pulley 1 to pul-
ley 3 as shown in Fig. 6, and pulley 3 carries all payload in the
final state. In order to verify the tension distribution model,
the experiment is performed for ascending and descending
10 m for 80 s on the test bench, and the results are shown
in Fig. 20(a).

FIGURE 20. (a) Experimental results and (b) prediction results based on
tension distribution analysis of rigid shaft and triple winding rope case.

Fig. 20(b) is a torque prediction graph in the time domain
based on the torque distribution model of pulleys a, b, c, d,
and e in the time domain of Fig. 20(b). This corresponds
to cases a, b, c, d, and e in Fig. 5. Cases f, g, h, and i
in Fig. 20(b) correspond to the cases of a, b, d, and e in Fig. 6.
This confirms that the torque distribution is moving in the
expected manner, and the payload is concentrated on one
pulley in the final state. The main cause of the prediction
error is the frictional force between the rope and the pulley.
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However, this is not included in the model owing to the
presence of an ineffective slip zone.

In addition, owing to the nonlinearly extending charac-
teristic of the flexible rope and the wedge shape of the
pulley surface, noise is included in the tension component.
When moving at the same speed under the same payload,
the winch has a constant motor torque. However, as shown
in Fig. 20, frictional losses occur. In conclusion, as expected
from Section 3.2.1, when three pulleys are rotated at the same
speed, the load is concentrated in one pulley, which adversely
affects the durability. In addition, it can be considered that the
power efficiency of the motor owing to friction loss is also
reduced.

3) RIGID SHAFT AND DOUBLE WINDING ROPE
CASE (CASE 2)
An experiment is conducted to verify the tension distribution
when two pulleys are connected by a rigid shaft and rotated at
the same speed. The experimental conditions are the same as
those in Section 3.2.1, and the experimental results are shown
in Fig. 21.

FIGURE 21. (a) Experimental results and (b) prediction results based on
tension distribution analysis of rigid shaft and double winding rope case.

In the case of two pulleys, the overall graph of the tension
distribution is similar to that of three pulleys. During an
ascending motion, the slip zone moves the pulley as shown
in Fig. 7, and all of the payload is applied to pulley 1 in the
final state. During a descending motion, the slip zone moves
from pulley 1 to pulley 3 as shown in Fig. 8. After a sufficient
time, pulley 3 takes all of the payload. The experimental
results are shown in Fig. 21(b). The experiment confirmed

that the torque concentrates on one pulley. Thus, when using
pulleys connected by rigid shafts, if the payload is constant,
then there is little difference from using only one pulley in
terms of durability.

4) DIFFERENTIAL MECHANISM AND TRIPLE WINDING
ROPE CASE (CASE 3)
An experiment is performed to verify the torque distribution
model for the winch using a differential mechanism. The
experiment is carried out for a situation in which three pul-
leys are connected. In this case, as derived in Section 3.2.3,
the torques of pulley 1 and pulley 3 are the same, and this
confirms that (10) holds for the rope tension applied to the
nonslip zone of each pulley. The results of the ascending and
descending tests on the test bench are shown in Fig. 22.

FIGURE 22. Experimental results of differential mechanism and triple
winding rope case.

As assumed in the torque distribution model, the torque
values of pulleys 1 and 3 are measured to be identical, and the
tension distribution does not change during the descent. The
payload is concentrated on pulley 2 when ascending, and the
payload is distributed on pulleys 1 and 3 when descending.
The result of analyzing the tension distribution is shown
in Fig. 23.

As shown in Fig. 23(a), if the slip zone is distributed at
large angles on both sides of pulley 2, then the maximum
torque can be concentrated on pulley 2. At the same time,
pulley 1 and pulley 3 have low traction forces, as shown
in Fig. 22, because the slip zone is very short. During a
descending motion, rope tension is not applied to pulley 2,
but torque is distributed only to pulley 1 and pulley 3. It can
be seen that this corresponds to the situation in Fig. 23(b).
As shown above, when three pulleys are connected by the
differential gear mechanism, the torque of pulley 2 cannot
be calculated accurately by (10) and (11), which limits the
position predictions. In addition, tension can be concentrated
in one or two pulleys, but this does not meet the development
purpose of applying equal torque to all pulleys.
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FIGURE 23. Tension distribution of triple pulleys connected by
differential mechanism during (a) ascending and (b) descending motion.

5) DIFFERENTIAL MECHANISM AND DOUBLE
WINDING ROPE CASE (CASE 4)
The results of the ascending and descending experiments for
the winch connecting two pulleys with a differential mecha-
nism are as follows.

As expected from the equation derived in Section 3.2.4,
the torques of pulley 1 and pulley 3 are distributed equally
through the differential mechanism when ascending and
descending. The torque distributions at this time are shown
in Fig. 15 and Fig. 17, respectively. Therefore, Case 4 can
be considered as the best case in terms of torque distribution
and durability. The differences between the maximum and
minimum values and standard deviation values for the torque
of each pulley for all four cases are listed in Table 1 and 2.

TABLE 1. Max-min values of pulley torques.

As shown in Tables 1 and 2, Case 4 shows the small-
est difference between the maximum and minimum values
and torques, and the smallest standard deviation of the
pulley when ascending and descending. Therefore, this

TABLE 2. Standard deviation of traction pulley torques.

FIGURE 24. Experimental results of differential mechanism and double
winding rope case.

MWDPW adopts the final mechanism to connect two pulleys
using a differential mechanism.

A constant torque distribution means that the effect of the
ineffective slip zone is small, so the positioning repeatability
can be expected to be low. In Section 4, the position repeata-
bility will be optimized.

IV. OPTIMIZATION OF DESIGN PARAMETER FOR
HIGHLY REPEATABLE MWDPW
In the previous section, the torque distribution performance
of the proposed winch mechanism proved optimal when two
pulleys were connected to the differential gear. The position
repeatability criteria are first defined to evaluate the perfor-
mance of a given winch mechanism. In addition, various
experiments are conducted to maximize the performance of
a winch based on position repeatability. Based on this, the
design parameters of the MWDPW are optimized.

A. REPEATABILITY CRITERION
The winch performance is measured according to the ISO
regulation for the determination of position accuracy and
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repeatability of numerically controlled axes [20]. Accuracy
and repeatability are calculated by repeatedly measuring the
actual moving position of several target positions. The stan-
dard measuring cycle is shown in Fig. 25(a). The revised
measuring cycle is used because the winch mechanism con-
tinues to deviate from its initial position. The initial position
is initialized as shown in Fig. 25(b) for each cycle.

FIGURE 25. (a) Standard measuring cycle and (b) revised measuring cycle
for winch.

FIGURE 26. Accuracy and repeatability graph and ±2s range.

The accuracy and repeatability graph is shown in Fig. 26.
The position deviation x at each target position is calculated
as follows:

xij = Pij − Pi (18)

where Pi is target position and Pij is actual position.
Mean unidirectional positioning deviations (xl ↑, xl ↓) are

mean values according to the direction. The unidirectional
axis positioning repeatability (si ↑, si ↓) are the same as those
for the sample standard deviation, as follows:

si ↑ =

√√√√ 1
n− 1

n∑
j=1

(xij ↑ −x̄l)2 (19)

si ↓ =

√√√√ 1
n− 1

n∑
j=1

(xij ↓ −x̄l)2 (20)

The graph in Fig. 25 shows the ±2s range of the mean
value. If the data are normally distributed, this means that
95% of the data may be in that area. A small ±2s means that
the same results can be obtained under the same conditions.
It is important to have high repeatability in order to reduce the
position prediction errors. This is because predictions based
on physical models will always show the same results under
the same conditions.

The position repeatability performance of the MWDPW
is evaluated on the test bench, and the results are shown
in Fig. 18. This test bench adds a weight structure to the
winch mechanism to test the performance of the winch at
various payloads. If the payload changes, then the tension
of the loading part also changes, so the torque distribution
across the pulley also changes. However, the proposed winch
mechanism is expected to achieve high position repeatability
for various payloads because the ineffective slip zone can be
minimized through the differential mechanism. The experi-
ment is performed by measuring the position of the winch as
it ascends and descends. This is shown in Fig. 27 according
to the criteria defined in Fig. 25(b).

FIGURE 27. Test bench for position repeatability measurement.

B. OPTIMIZATION OF OPERATING
CONDITIONS FOR MWDPW
The function of a pressure roller is to increase the normal
force between the rope and the surface of the traction pul-
ley so that the initial tension is produced by the friction. There
must be an initial tension because additional tension depends
on the initial tension. From the capstan equation, the final
tension is multiplied by the initial tension.

In order to optimize the position repeatability of the
MWDPW, the conditions that generate the initial tension
of each pulley must be determined. The initial tension is a
function of the normal force applied to the pressure roller.
Therefore, the aim here is to find the optimal number of pres-
sure rollers and pressure forces through experiments under
various conditions.

As shown in Fig. 28, the experiment is conducted by com-
paring cases with one and two pressure rollers. The experi-
mental results are listed in Table 3. The experimental results
show that higher pressure repeatability can be achieved when
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FIGURE 28. Experimental results of position repeatability and torque
distribution with (a) 1 EA pressure roller and (b) 2 EA pressure roller.

TABLE 3. Position repeatability and standard deviation of torque with
1 ea and 2 ea pressure roller.

one pressure roller presses the traction pulley 1. This corre-
sponds to the assumption that the torque distribution applied
to each traction pulley must be more uniform in order to
obtain better repeatability. In other words, when there is one
pressure roller, the standard deviation of the torque is 28%
lower, and as a result, the repeatability improves by 62%.

Lower repeatability with two pressure rollers can be con-
sidered as an additional pressure roller disturbing the torque
distribution. If the payload is constant, then the tension at
the fixed end and the tension at the free end are constant.
Therefore, the tension at the beginning and end of the winch is
always the same. However, the tension distribution inside the
winch can be different. A change in the rope tension changes
the length of the rope in the winch via distributing the tension
by varying the rotation angle of the left and right pulleys
through the differential gear mechanism. Applying a normal

force to traction pulley 3 through a pressure roller changes the
area where the rope slips. Therefore, the torque distribution
of the differential gear mechanism is not constant, which
worsens the repeatability. As a result, an optimal condition
exists when there is one pressure roller.

FIGURE 29. Experimental results of position repeatability and torque
distribution with normal force of (a) 20 N, (b) 37 N, and (c) 56 N of
pressure roller.

Depending on the normal force of the pressure roller,
the rope tension when entering the winch from the free end
can be expected to vary. However, owing to the nonlinear
properties of synthetic fiber ropes, it is difficult to obtain the
coefficient of kinetic friction between the wedge-shaped pul-
ley and the rope. Therefore, as shown in Fig. 29, the position
repeatability is measured for three cases where the normal
force of the pressure roller is different. The experimental
results are listed in Table 4, and the torque applied to each
pulley is shown in Fig. 29.

The experimental results showed that the position repeata-
bility is highest when the normal force applied to traction
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TABLE 4. Position repeatability and standard deviation of torque with
normal force of (a) 20 N, (b) 37 N, and (c) 56 N of pressure roller.

pulley 1 is 37 N. The normal force is related to the rope
tension at the free end. However, a higher normal force is
not more effective, and the differential gear mechanism can
be operated ideally only when the proper loading tension
and free-end tension are maintained. Therefore, through the
position repeatability test in Section 4.2, the optimum design
parameter of the final MWDPW was determined to be one
pressure roller and 37 N of normal force.

V. EXPERIMENT AND DISCUSSION
The proposed MWDPW is developed for use in various
kinds of climbing robots and gondolas. It is very important
to maintain constant position repeatability for various pay-
loads. Therefore, two verification experiments are conducted.
First, an experiment is conducted to verify the effect of the
torque distribution performance of the differential mecha-
nism demonstrated in Section 3 on the position repeatability.
A second experiment is conducted to verify that high position
repeatability is maintained under various payloads when the
optimal parameters obtained in Section 4 are applied.

The comparative experiments are conducted to confirm the
effectiveness of the differential mechanism. Numerous num-
bers of capstan-winch-type products have been developed
because a capstan winch can generate a large traction force
from a small initial force. The general method to amplify
the traction force is to increase the angle of the winding
rope around the capstan drum or pulleys. The actual traction
force generated from the pulleys can be measured with torque
sensors. The actual effectiveness of a multipulley or capstan
winch can be verified with this comparative experiment.

The result graphs of the comparative experiment are shown
in Fig. 30. The differential mechanism case shows much
better accuracy and repeatability performance than the rigid
case. The maximum range of the 2s region of the differential
case is 70% shorter than that of the rigid case. The main
reason is the various changes in torque generated by the
pulley, as shown in the torque graph of Fig. 30(a). There is no
constant torque region in this graph. The torques of the three
pulleys and the driving motor constantly change and do not
settle at specific values. The torque graph of the differential
case in Fig. 30(b) shows a relatively constant value.

The torques of the first and third pulleys have almost
the same value because of the differential mechanism.

FIGURE 30. Experimental results of position repeatability with (a) rigid
shaft and (b) differential mechanism cases.

A continuously changing torque means a continuous change
amplification ratio of tension at each pulley. The ampli-
fication ratio of tension at the third pulley affects the
actual descending distance. Therefore, a continuous changing
torque of a pulley causes bad repeatability of the winch posi-
tion. The changing torque of the driving motor also worsens
the repeatability because it makes it difficult for the motor
controller to follow the position precisely. Table 5 shows the
better performance of the differential case.

TABLE 5. Position repeatability and standard deviation of torque
between rigid shaft and differential mechanism cases.

Both cases have a reversal torque region during a descend-
ing motion. An effective torque direction should always be
positive. A negative torque is useless for the winch mecha-
nism to produce a traction force. The negative torque pro-
duces only internal frictional forces of the winch system,
so the rest pulley should cover that force to generate enough
traction. The second pulley in the rigid case in Fig. 30(a)
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records a higher torque than that of the driving motor to
compensate for the negative torque of the third pulley.

The comparative experiment shows that the general cap-
stan winch mechanism is insufficient. The traction force was
only generated in the small region on the traction surface,
especially during a descending motion.

FIGURE 31. Experimental results of position repeatability with (a) triple
winding rope and (b) double winding rope.

The effect of the winding rope method is verified with a
comparative experiment in the differential mechanism case.
The reference case is a triple winding rope around the winch,
as shown in Fig. 30(b) and Fig. 31(a). The resulting graph
shows that the double winding rope method has much better
repeatability and maintains specific torque values of the pul-
ley and motor. The position repeatability of the triple wind-
ing rope case is enhanced by 62% over the double winding
rope case, as shown in Table 6. The torque of the first and
second pulleys maintains half the value of the driving motor,
which means that the differential mechanism activates prop-
erly when distributing the torque difference between the first
and second pulleys. The first and second pulleys contribute
equally to generating the total traction force. There is no
reversal torque value shown in the torque graph of Fig. 31(b).

The triple winding rope case has the worst performance
because the second pulley of that case disturbs the torque
distribution of the differential mechanism. The differential

TABLE 6. Position repeatability and standard deviation of torque
between rigid shaft and differential mechanism cases.

FIGURE 32. Experimental results of position repeatability with various
payloads: (a) 88 N, (b) 123 N, (c) 153 N, (d) 173 N, and (e) 220 N.

mechanism can distribute the torques to the first and third
pulleys but not to all three pulleys.

The best case is the differential mechanism with a double
winding rope and single pressure roller, as shown in Table 6.
A winch with this mechanism combination can be exposed
to various payloads. The experimental results for various
payloads are shown in Fig. 32 and Table 7. The repeatability
becomes worse when the payload is lower or higher than that
of the best case. As mentioned previously, proper force of
the pressure roller is essential to achieve good repeatability.
However, suitable forces according to various payloads can-
not be applied to the pressure roller because that force is fixed.
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TABLE 7. Position repeatability of MWDPW with optimized design
parameter.

Therefore, deviations owing to different payloads should be
overcome by the controller.

VI. CONCLUSION
This study proposed a winch mechanism with high position
repeatability that uses synthetic fiber ropes. Multiple winding
pulleys are used to achieve the target payload, and a dif-
ferential gear mechanism is used to increase the durability
of the winch and improve the positioning performance by
equally distributing the torques applied to each of the pul-
leys. In order to select the optimal winch combination, the
tension distribution is analyzed using the capstan equation,
and the differential gear principle and is validated through
experiments. This proves that optimum tension distribution
is possible when connecting two pulleys with a differential
gear mechanism. In addition, it is shown that the combination
can maximize winch durability and increase the position
repeatability by minimizing ineffective rope slip.

Experiments were conducted to optimize the design
parameters of the winch in order to maximize position
repeatability for the selected winch mechanism. First, a stan-
dard criterion for measuring the position repeatability of the
winch was designed according to the ISO standards. Exper-
iments showed that the use of one pressure roller for the
traction pulley at the free end improved the repeatability by
62% compared to two pressure rollers. It was also shown
that the optimum position repeatability could be achieved
when the pressure of the pressure roller is 37 N. Extensive
experiments were conducted to test the performance of the
winch mechanism using a test bench. Reciprocating experi-
ments were carried out for various payloads, and a position
repeatability within 50 mm (0.5%) was achieved even with a
10-m reciprocating motion.
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