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Abstract: Cable-driven transmissions are used widely in robotic applications. However, design vari-
ables and parameters of this kind of transmission remain under study, both analytically and ex-
perimentally. In this paper, an experimental test bench to evaluate the behavior of medium-low
power pulley-cable transmissions is presented. The design of the test bench allows manipulating
variables such as dimensions, external load, speed, and cable tension. The system consists mainly of
a brushless direct current (DC) motor, two load cells to measure the mechanical reactive force in the
motor, two dismountable pulleys, two drums, a perforated disk, and several masses that provide
the load and the inertial load, and electronic modules to control the speed and position of the pulley.
Special attention was paid to the calibration of the load cells, focused in compensating the effect of
creep. Validation tests were carried out in order to evaluate the device design. Next, pilot experiments
were performed to estimate the friction behavior in the transmission. Preliminary results suggest
that the friction in the transmission is largely governed by the friction behavior of the bearings.

Keywords: cable-driven; transmission; test bench; friction

1. Introduction

A mechanical transmission is used to transmit power over distance and change torque
or speed from input to output. Current available geared transmissions such as harmonic
and cycloidal drives, planetary gears, and other gearboxes, are usually noisy, require very
good lubrication and seals, and have low back drivability [1,2]. Cable-driven transmissions,
on the other hand, usually have low friction, minimum backlash, high back drivability,
and silent operation [3,4]. When developing robotic systems that aim towards physi-
cal human–robot interaction (pHRI), it is desired to count on devices that have a high
open-loop back-drivability. In applications such as exoskeleton construction, pinion-based
articulations prove to be difficult to back-drive, thus requiring a variety of force sensors
that translate the operator intentions to the machine, and thus enabling an ergonomic
interaction with it [5,6]. Cable-driven transmissions are easier to back-drive, and pose less
danger to humans [7,8]. Cable-driven transmissions have been used for diverse robotic
purposes ranging from research to physical human–robot interaction applications [9,10].
Arguably, the best known commercial cable-driven transmission application in robots is
the Barrett WAM arm [3], used in different areas such as assembly [11], patient rehabilita-
tion [12,13], and other physical human–robot interaction activities.

The mechanical design of the cable transmission is closely related to the load char-
acteristics and the intended application; hence, it is not possible to use a standardized
design method yet. Various studies on cable-driven transmissions have focused on dif-
ferent aspects of mechanical transmission design such as stiffness, transmission ratio,
screw, cable material, and cable tension. Some of those studies are: Starkey [14] applied
experimentation and simulation to formulate an equation as an initial insight into the be-
havior of a combined capstan amplifier system. Luo [15] presented a mathematical model
of the drive stiffness that includes the pre-tension force, coefficient of friction, wraps of
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cable, and load on the transmission. Xie [16] developed a mathematical model to pre-
dict the cable tension and transmission backlash of a precise cable-driven transmission.
Mazumdar [17] evaluated the use of synthetic rope instead of steel cables. Rahmati [18]
studied pre-tensioning methods, and cable arrangements, whereas Chua and Lu [19,20]
settled criteria for cable wrapping and cable grove. Jung [21,23] incorporated the effect
of the inertia, bending rigidity, and non-linear friction in a theoretical model that aims
to explain the friction in cable-driven systems. Some researchers have been working on
dynamic model identification of the Barrett WAM arm [23–26]. Most of the friction mod-
els utilized include several components, such as the sliding friction or Coulomb friction,
the breakdown friction or stiction, and the viscous friction; but none of these models
involves, in their formulation, the particular design parameters of the transmission evalu-
ated [27]. In general terms, dynamic modeling is important for realistic simulations and
for improving the control performance in dynamic systems. However, it often happens
that the predicted performance of a model is impaired by an inappropriate friction model.
Accurate models of the dynamics of cable transmissions enable researchers to develop
safer and more precise robotic parts, adequate to interact with humans in a multitude of
scenarios [12,13]. As a main interest of our research team, pHRI development demands the
availability of appropriate test equipment and benches.

Previous works on cable-driven transmissions [28–32] have involved the use of test
benches developed specifically for each research project, but the majority of these systems
have issues that need to be considered in more detail to evaluate friction. In this paper, a test
bench for a cable-driven transmission is proposed; this test bench was developed at the
Universidad Tecnológica de Pereira, in alliance with Universidad Nacional de Colombia.
Some differential features of this new test bench from the previous ones are: (i) the ability to
evaluate the effect of more than one turn of cable wrapping, (ii) the chance to change input
shaft and pulley to evaluate different transmission ratios and possible materials, with and
without groves, and (iii) here there is no transmission behind the cable transmission.

2. Test Bench Design

The test bench is based on the Barrett WAM arm developed at the Massachusetts
Institute of Technology, and it is composed of six modules as follows: power source module,
transmission module, link module, command module, measurement module, and data
acquisition module. The mechanical modules are shown in Figure 1.

Figure 1. CAD model of the test bench: (1) power source module; (2) transmission module; (3) link
module; (4) measurement module.

2.1. Link Module

The payload to the transmission is provided by the link module. For the simultaneous
application of torque and load on the transmission shaft, a perforated disk and pairs of
masses assembled to the disk were used (Figure 2). The disk has 12 holes distributed in two
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circumferences, so the distribution of the masses in the disc allows several configurations
of load and external torque.

Figure 2. CAD model of the link module: (1) link coupling plate; (2) disk; (3) additional masses.

Just by using two sets of masses and positioning them at the same time, that is,
two occupied holes in the disk, 12 different load schemes would be obtained. The resultant
external torque by (a) two sets of masses and (b) four sets of masses, located asymmetrically
in the perforated disk are reported in Figure 3. It is worth noting that masses located
symmetrically do not induce external torques.

Figure 3. External variable torque: (a) produced by 2 pairs of masses, (b) produced by 4 pairs
of masses.
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2.2. Transmission Module

The transmission module is configured by a cable or rope and two systems: (a) a
pulley system, which is coupled to the link module, and (b) a motor shaft system, which is
coupled with the motor or power source. The proposed transmission has some differences
from those in the test benches used by Xie and Lu [16,28]. The most important differences
are: (a) Our transmission is multi-turn, (b) the cable in our transmission can have multi
wraps on the pulley and motor shaft and (c) in our transmission, the pulley, and the motor
shaft can be easily changed.

The current design of the transmission module makes it possible to vary several
physical parameters to evaluate how the transmission performance is affected by these
changes. Therefore, in addition to speed and load, it is possible to change: the dimensions
and the material of the motor shaft and pulley, the tension and material of the cable,
and whether the guide grooves in the motor shaft and pulley are to be used or not.

The assembly of the pulley system is shown in Figure 4. The pulley assembly is made
up of three main elements: the shaft (1), the pulley body (2), and the bracket (3). The shaft,
in addition to supporting the pulley body, is used to hold the link module at its end (a),
and an encoder in its end (b). The pulley body (2) is the piece of the pulley that can be
changed, and the bracket (3) is the piece that joins the pulley system to the main structure
of the test bench. Currently, there are two different sizes for the motor shaft and two pulley
bodies; the combination of these allows us to have four transmission ratios in the machine.
No special tools are required for mounting the system or changing the pulley body.

Figure 4. Pulley system assembly: (1) shaft; (2) pulley body; (3) bracket; (a) end of the shaft for
connection of link module; (b) end of the shaft for encoder clamping.

The motor shaft assembly, shown in Figure 5, consists of the bracket (1), the shaft
(2), and the tensioner (3). In this case, the shaft has grooves over its surface for cable
guidance. The movement from the motor shaft to the pulley is transmitted using a single
cable; this cable has coupling ends that fit at points (a) and (b) in the shaft. The input
encoder is coupled at point (c) of the shaft.

The grooves and the shaft length allow multiple winding turns of the cable; both, in the
motor shaft, and in the pulley, and enable the transmission to be multi-turn, unlike the
aforementioned test benches in which the rotation range of the transmission is limited to a
portion of a turn.
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Figure 5. CAD model of the motor shaft system: (1) bracket; (2) shaft; (3) tensioner; (a,b) cable
connection points; (c) end of the shaft for encoder clamping.

2.3. Power Source Module

The power source module of the test bench is configured by an electric motor and its
controller. The selection of the electric motor was focused on its ability to supply constant
torque over a wide speed range, starting at very low speeds, without using speed reducers
between the motor and the transmission module.

The approximated motor torque required was taken from the simplified model of a
mechanical transmission (Figure 6). In this model, the elasticity and the viscous component
of the transmission have not been included.

Figure 6. Schematic of the simplified model of a mechanical transmission.

Equation (1) represents the torque balance for the system shown in Figure 6. In this
equation, friction, backlash, and elasticity have not been considered.

TMR − TL =
[
(JM + J1)R2 + (J2 + JL)

] ..
θL +

(
R2BM + BL

) .
θL (1)

where TM is the motor torque, TL is the load torque, JM the motor inertia, JL the load inertia,
R is the transmission ratio, BM is the viscous damping coefficient of the motor, BL is the
viscous damping coefficient of the load,

.
θL is the load speed, and

..
θL is the acceleration of

the load.
The last term of the Equation (1) quantifies the motor and load viscous friction.

Not knowing the viscous damping coefficients in advance forces us to assume this as
a percentage of the motor torque for preliminary calculation purposes. The mass and
moment of inertia of the perforated disc with its coupling plate were obtained from its
CAD model. The moment of inertia for the load was calculated for four pairs of masses
located in the outermost holes of the disk, this is the maximum external load condition
on the test bench. The inertia of the motor is generally very low compared to the inertia
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of the load and the transmission. After a value was chosen, and the motor was selected,
the motor torque calculation was updated.

Once the motor torque was calculated, and the transmission requirements were
established, a BLDC (brushless DC motor) was selected. This BLDC motor is powered
by 200–240 single-phase or three-phase VAC, it has a power of 400 W (1/2 hp) and can
vary its speed between 2 and 4000 rpm. The maximum permissible instantaneous torque is
2.6 N·m and the maximum torque for continuous operation up to a speed of 3000 rpm is
1.3 N·m·(Figure 7).

Figure 7. Speed-torque characteristics for the BXM6400M-A-3 motor.

3. Measurement Module
3.1. Torque Measurement

It was decided to use the motor support forces to estimate the reactive torque. To mea-
sure the reactive torque, it was necessary to redesign the way the motor is fixed to the
structure of the machine; normally, the motors are screwed to their base. The screws be-
tween the motor base and the machine were eliminated; instead, a system was designed in
which the motor body is connected by an extension to two ball bearings. This system allows
the motor to swing around an imaginary axis passing through the motor shaft. As shown
in Figure 8, the motor body (1) is screwed to the internal coupling (2), which is assembled
to the internal part of the bearings (3). The bearings are assembled to the external coupling
(4) which is fixed with screws to the support (6). The support is screwed to the machine
frame; thereby, the motor can rotate freely about the axis (5). Load cells type S are used to
restrict the free rotation of the motor body around the axis (5); they are mounted at equal
distances from the motor shaft on the rear of the motor. With this configuration, one of
the cells is subjected to a compression force, while the other is subjected to a tension force,
as seen in Figure 9.
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Figure 8. Swing arm motor mount: (1) motor body; (2) internal coupling; (3) bearings; (4) external
coupling; (5) motor axis; (6) screws; (7) load cell support.

Figure 9. Mounting of load cells.

When a load cell is affected by a force, a voltage that is proportional to the force is
produced at its output; this voltage in the order of millivolts is usually amplified to bring
it up to the volt scale. In the test bench, the output value of the amplifiers was used to
estimate the force applied to each load cell; that is, the reactive forces on the motor body.

When using load cells, it is advisable to consider creep. In a load cell, creep is defined
as the change in the output value of the load cell measured in time, keeping the constant
load and all environmental conditions and other variables. Therefore, to obtain the correct
value, it is necessary to establish a form of correction for the value read as a function of time.
The characterization of the load cell was carried out in three stages: instant calibration of the
load cell, characterization of the load cell creep, and establishing the creep compensation.

3.1.1. Instant Cell Calibration

Instant calibration is undertaken using calibrated weights. First, the zero value is
adjusted, then the maximum value of the cell is adjusted; this process is repeated until
the smallest possible deviation is obtained between the voltage value at the output of the
amplifier and the theoretical value for the load cell.
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3.1.2. Load Cell Creep Measurement

To determine the creep, various tests were performed using different calibrated
weights and different measurement times. The overall results obtained match those ob-
served in early studies [33–36]: (a) the creep value depends on the applied load, so the
higher the load, the greater the creep, (b) the creep stabilizes after 30 min. In addition,
from the data graphs it was observed that the initial behavior of the reading is not linear
and that it is not possible, by simple inspection, to identify the exact point where the creep
begins (Figure 10). However, despite not being able to identify the beginning of the creep,
it is possible to establish that 95% of the load is reached about one second after the load
has been applied.

Figure 10. Force measurement for 0.994 kg.

An important finding is that creep behavior varies as a function of the time elapsed
between the instant the load cell is energized and the instant the measurement is performed.
The creep behavior for the same load, measured just after the load cell has been energized,
and measured with a time interval of 30 min after it is energized, is shown in Figure 11.
The two measurements show the typical creep behavior, however:

• Although creep seems to start at the same time in both cases, the measured value
starts at a higher value for the delayed measurement than the one made just after the
load cell is energized.

• For the measurement with a 30-min delay, the creep variation stabilizes quickly,
which does not happen when the measurement is performed just after the load cell
is energized.

Figure 11. Force measurement for 0.994 kg with and without delay.

3.1.3. Creep Compensation for Motor Torque Measurements

The adjustment equation developed only includes external load and time. Because of the
way creep varies as a function of time, two intervals were established to determine the adjust-
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ment equations: (a) time between 1 and 10 s, (b) time greater than 10 s. Moreover, because creep
is proportional to the applied load, the adjustment equation was established in relation to
a load of 2 kg, the maximum payload of the load cell used.

Creep is the difference between the measured value and the real value of the applied
load, Equation (2).

C(t) = Fa − Fm(t) (2)

where Fa is the applied load, and Fm is the value measured from the load cell, and t is the
time measured after load application.

Several types of regression were modeled for creep in each interval. In the end,
the regression function chosen to approximate the creep in the interval between 1 and 10 s
is depicted in Equation (3). For times over 10 s, the regression presented in Equation (4)
was selected. Figure 12 shows the measured creep curve and the creep curve obtained with
Equation (3).

C(t) = 0.008257·t−0.4244 + 0.006286 [kg] (3)

C(t) = −0.11080·t0.1040 + 0.02319 [kg] (4)

Figure 12. Creep and creep compensation for 1 ≤ t ≤ 10 s.

Given that the creep is proportional to the applied load, the general adjustment
equation for loads up to 2 kg is given by the Equation (5):

A(t) =
(

Fa

2

)
C(t) [kg] (5)

where Fa is the applied load and A(t) is the adjustment value to apply.
The real load applied can be estimated by using the defined adjustment equation and

the measured value from the load cell, Equation (6).

Fa(t) =
(

2
2 − C(t)

)
Fm(t) [kg] (6)

As can be seen in Equation (6), the actual force applied to the load cell (Fa) can
be estimated based on the measured force (Fm) and the time (t) elapsed between the
application of the force and its measurement. Figure 13 shows the measured load and the
load adjusted using Equation (6).
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Figure 13. Force measured and adjusted by creep for 1 ≤ t ≤ 10 s.

3.2. Speed Measurement

The machine has the features to locate two encoders to measure speed, one encoder
can be installed on the transmission input shaft to estimate the input speed, and the other
encoder can be installed at one end of the pulley system and could be used to estimate the
speed transmission output. By using the data from the two encoders, it can be determined
if there is slippage or backlash in the transmission.

4. Command Module

The command module is responsible for managing the motor. The motor manufacturer
provides software (MEXE02) for loading up to 16 step-type speed profiles into the motor
controller; a complementary command system was developed and implemented to manage
these profiles and make it possible to use other types of profile. This complementary system
consists of an application named “Control” developed in Matlab, and an Arduino program
running on an Intel Galileo Gen 2 card.

The Control application has three speed-based operation modes and one position-
based operation mode:

(1) “Function” operating mode: in this mode, it is possible to write speed as a function of
time; then the data can be graphed and sent to the motor controller. The only restric-
tion for the type of function is that these functions are included in the Matlab engine.

(2) “Profiles” operating mode: allows the generation of step-type speed profiles, but un-
like the profiles that can be created with the MEXE02 software, the transition between
speeds (acceleration-deceleration) is not a fixed value, it is a function of the extreme
values of the speeds and the time established for this change. Data entry is done in a
table, indicating the initial speed, the final speed, and the time of each interval.

(3) “Speed” operating mode: this mode allows executing one of the 16 step-type speed
profiles previously stored in the controller. It is possible to concatenate up to three
continuous speed profiles. The interface of the “Control” program in the “Speed”
operating mode is shown in Figure 14.

(4) “Position” operating mode: in this operating mode, in addition to the speed, it is
necessary to indicate the displacement to be executed for that speed. It is possible to
have 16 different speed-displacement pairs. The speed profiles are of the step type,
whose values correspond to those previously entered in the controller using MEXE02.
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Figure 14. Control application: speed mode operation.

5. Data Acquisition Module

In the test bench implemented, it is possible to measure the input speed to the trans-
mission and the reactive forces of the engine in the load cells. For the acquisition of
these signals a National Instruments DAQ data acquisition system was used. The DAQ
specifications are shown in Table 1.

Table 1. DAQ NI USB-6211 SPECIFICATIONS.

Analog Input Digital Input

Number of channels 8 differential or 16 single-ended Number of channels 4
ADC (Analogue to digital
Converter) resolution 16 bits Number of counters 2

Max. single sample rate 250 kS/s Resolution 32 bits
Max. multichannel sample rate 250 kS/s Internal base clocks 80 MHz, 20 MHz, 0.1 MHz

The experimental test bench implemented is presented in Figure 15.

Figure 15. Experimental test bench for cable-driven transmission.



Machines 2021, 9, 83 12 of 17

6. Experimental Tests and Results

The first experimental tests were performed to evaluate the different modules devel-
oped. Next, pilot experiments were carried out to estimate the friction behavior in four
cable-driven transmission configurations:

(a) Cable-driven transmission 25–75 G, with the following characteristics:

• A motor shaft of 25 mm in diameter, with round guiding grooves.
• A pulley of 75 mm in diameter without guiding grooves.
• A steel cable of 1.6 mm in diameter.
• Four turns of cable wrapping over the pulley.
• The cable is wound in a straight pattern around the motor shaft and the pulley.

The assembly of the transmission 25–75 G is shown in Figure 16.

Figure 16. Cable-driven transmission 25–75 G.

(b) Cable-driven transmission 35–75 G, with these characteristics:

• A motor shaft of 35 mm in diameter, with round guiding grooves.
• A pulley of 75 mm in diameter without guiding grooves.
• A steel cable of 1.6 mm diameter.
• Four turns of cable wrapping over the pulley.
• The cable is wound in a straight pattern around the motor shaft and the pulley.

(c) Cable-driven transmission 25–104 P, with these characteristics:

• A motor shaft of 25 mm in diameter, with round guiding grooves.
• A pulley of 104 mm in diameter with round guiding grooves.
• A steel cable of 1.6 mm diameter.
• Four turns of cable wrapping over the pulley.
• The cable is wound in a straight pattern around the motor shaft and the pulley.

(d) Cable-driven transmission 25–104 X, with these characteristics:

• A motor shaft of 25 mm diameter, with round guiding grooves.
• A pulley of 104 mm diameter with round guiding grooves.
• A steel cable of 1.6 mm diameter.
• Four turns of cable wrapping over the pulley.
• The cable is wound in an eight pattern around the motor shaft and the pulley.

The assembly of the transmission 25–104 X is shown in Figure 17.
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Figure 17. Cable-driven transmission 25–104 X.

In these first experiments, the motor was moved following a trapezoidal velocity
pro-file at different magnitudes. Testing was conducted ranging from 1 rad/s to 105 rad/s;
the angular position of the motor shaft and reactive forces in the load cells were sampled
at 5 kHz. The speed range chosen for the experiments covers a wide range of speeds
found in commercial robotic manipulator joints. By using the 25 mm screws, the bench
can be adjusted to produce transmission ratios up to 10:1. Before performing the torque
calculation, the reactive force signals were filtered using wavelets (db10 with 10 levels).
The measurements of angular position and the corresponding sampling time were em-
ployed to compute the velocity of the input shaft in each experiment. The values of torque
and velocity during the constant velocity stage of the trajectory were averaged and used to
construct the torque-speed plots (Figures 18–21).

Figure 18. Friction torque of the cable-driven transmission 25–75 G.
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Figure 19. Friction torque of the cable-driven transmission 35–75 G.

Figure 20. Friction torque of the cable-driven transmission 25–104 X.

Figure 21. Friction torque of the cable-driven transmission 25–104 P.

Preliminary results shown in Figures 18–21 reveal that torque exhibits a behavior
similar to that produced in deep groove ball bearings [37,38]; hence suggesting that the
friction in the transmission is largely governed by the friction in the bearings. This behavior
is consistent with the characteristics of the transmission: the input axis and the pulley axis
are supported in deep groove bearings lubricated with heavy grease. The design of the test
bench allows to “lock-in” the contribution of bearing conditions to friction behavior when
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evaluating different geometric configurations. Note that our design allowed us to change
the input shaft and the pulley body, keeping the same support bearings.

The 35–75 G and 25–75 G configurations differ in the motor shaft diameter, and the
other parameters remain the same. The results show that there is a slight difference in the
friction values for speeds over 30 rad/s; for lower speeds, there is no significant difference.
This behavior may be due to the small difference in motor shaft size between configurations,
which in turn induces a small difference in static load on the bearings. The 25–104 P
and 25–104 X configurations have similar physical parameters, the difference being the
way the cable was wrapped around the motor shaft and pulley in each configuration.
Both configurations show higher friction torque values than configurations 25–75 G and
35–75 G, but there were no significant differences between them. These preliminary results
suggest that friction is governed mainly by friction in the bearings, which is directly related
to the load, in this case, the weight of the pulley and the motor shaft. The type of winding
does not significantly affect the friction behavior in the cable.

Further evaluation of the transmission operating conditions is required to establish a
suitable friction model. However, these first experiments made it possible to evaluate the
test bench and establish a baseline for the next experiments to be carried out. These first
experiments were conducted at a constant speed and no payload, however, the test bench
is intended to be used to evaluate friction behavior which includes some additional fac-
tors that could contribute to friction fluctuation, such as temperature, transmission ratio,
and payload.

7. Conclusions

This paper presents the design and preliminary testing of a new test bench to evaluate
the friction in a cable-driven transmission.

In the document, we present details about the design of the test bench, highlighting the
procedure followed to both determine the driving power, and carry out the cell calibration.
Our approach provides the possibility to vary the input shaft and pulley in the transmission,
allowing different gear ratios and materials to be evaluated, with the ability to assess the
effect of having more than one turn of cable winding on the pulley, improving the number of
configurations that can be studied in our bench compared to previous works. Although the
main goals were achieved, future improvements can be made to this testing test bench.
For instance, at the mechanical level, the development of an improved cable tensor system
for easy setup.

The methodology we used to model friction utilizes the output of the load cells
instead of the electrical input signals to the motor. Nevertheless, the test bench can be
easily augmented by the introduction of such sensory parts.

Results obtained in preliminary tests suggest that the steady-state friction behavior is
governed primarily by the deep groove ball bearings. However, further evaluation of the
transmission operating conditions is required.

The use of the testing bench to evaluate the friction behavior for different configura-
tions of the cable-driven transmission could be an issue for future analysis and discussion.
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