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Abstract— Bowden cables serve as essential components in
various mechanical systems, facilitating power transmission
from remote actuators to specific destinations. The pretension
of Bowden cables profoundly influences system performance,
notably in terms of friction. This study investigates the effects
of cable pretension and shape on friction and torque efficiency.
A custom self-designed testbed, comprising integrated actuator
units, pulleys, and a novel pretension mechanism connected
by Bowden cables, is utilized to conduct experimental tests
under varying parameters. This work adopts an integrated
approach of experimentation, modeling, and validation, offering
preliminary insights into the torque transmission characteristics
of tendon driven actuator systems. Additionally, the precise
model exhibits excellent conformity across a broad range of
shapes and provides initial insights into hysteresis modeling
attributable to cable material properties.

I. INTRODUCTION

As the global elderly population continues to expand, there
is a growing need for home healthcare services, primarily
due to the limited availability of healthcare workers (HCWs).
One promising solution to address this shortage and provide
greater flexibility to HCWs in terms of patient management
and scheduling is the utilization of home healthcare robots,
exemplified by GARMI [1]. Force-sensitive exoskeletons, de-
signed for robotic teleoperation with haptic feedback, enable
HCWs to employ GARMI as a surrogate or “mechanical
avatar” [2] in remote healthcare scenarios.

At the Geriatronics Research Center, we are developing
a lightweight exoskeleton for rehabilitation and assistive
technology (as shown in Fig 1), exploring its use in control-
ling remote robots [3]. The performance of this exoskeleton
mainly depends on its cable-based drive unit, with cable
friction playing a crucial role in system control optimization.
This study reveals the design of the new drive unit and
explores the importance of different parameters on its power
transmission.

One critical factor that significantly influences the overall
performance of Bowden cables is the tension applied to the
cable during operation [4]. The tension in Bowden cables
is responsible for maintaining the desired level of force
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Fig. 1: The lightweight Exoskeleton with its integrated drive
unit located in the backpack. The power is transmitted
through Bowden cables. The design of the pretension mech-
anism is also illustrated.

transfer, accuracy, and efficiency in motion transmission
[5]. However, it is well recognized that the tension of the
Bowden cables also has a profound impact on the friction
characteristics within the cable system [6].

The effect of friction plays a crucial role in Bowden
cable systems as it directly affects the smoothness of motion,
energy efficiency, and accuracy of the transmitted force [7].
Friction arises from the interaction between the inner core
wire and the outer sheath, leading to resistive forces that
impede the desired motion. Understanding the relationship
between cable tension and friction is of paramount im-
portance in optimizing the performance and reliability of
Bowden cable systems [8].

Although several studies have investigated the frictional
behavior of Bowden cables [9], [10], [11], limited research
has been conducted specifically on the influence of cable ten-
sion. The existing literature primarily focuses on the design
aspects of the cable and the selection of appropriate materials
to reduce friction. However, a comprehensive understanding
of how cable tension affects friction is crucial for designing
efficient Bowden cable systems.

Considerable research has focused on modeling frictional
forces to understand torque and force transmission. Coulomb
friction models, including Stribeck-Coulomb variants, ef-
fectively quantify friction [12]. However, they fail to ex-
plain hysteresis phenomena [13]. To address hysteresis in
tendon-driven mechanisms, studies have employed differ-
ential equation-based models [14] and [15], simulating in-
finitesimal surface contacts like the Dahl model [16]. Adap-
tations such as the LuGre model enhance dynamic properties
and introduce friction coefficient variations [17], [18]. Ad-
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ditionally, the Bouc-Wen model, widely used in modeling
frictional hysteresis, offers modification capabilities [19] and
finds applications in piezoelectric actuator designs [20].

Wau et al. [5] presented a model for double-tendon sheath
driven actuators, considering cable elongation and material
elasticity. However, it overlooks the tension distribution
[21], [22] and varying velocity along the tendon path [23].
A lumped parameter model, addressing these issues, was
developed for tendon sheath actuation [23], [24], [17], [18],
capturing cable dynamics, force transmission, and displace-
ment effects more comprehensively. However, these adap-
tations fail to account for pretension and its distribution, a
key element in torque transmission efficiency. Additionally,
tension sensors, as described in [5], [23], negatively affect
material integrity.

This paper focuses on proposing a model for torque
transmission in double-tendon sheath driven actuators, par-
ticularly emphasizing friction and transmission features. To
improve the understanding of these systems by identifying
and modeling the key features and dynamics, experimental
validation is conducted on a testbed to establish the torque
transmission relationship, integrating shape and force/torque
sensing to corroborate our findings.

In the following sections, the system design, transmission
modeling, and experimental results are presented. A dis-
cussion of the implications and practical considerations for
modeling Bowden cable systems are given in the following.

II. SYSTEM DESCRIPTION AND MODELING
A. System Design

A novel testbed has been developed to conduct more
detailed studies of tendon driven actuation systems. The
setup consists of two motors coupled with two pulleys named
as A and B. Two Bowden cables are mechanically fixed to
the pulleys. The pretension is measured by load cells located
on both sides through a pretension mechanism as illustrated
in Fig. 2a.
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Fig. 2: The exploded view of the pretension unit can be seen
in (a). The mechanism is coupled to the actuator unit and
the system allows us to regulate the pretension of the cables
with high precision. On (b), Our proposed Bowden Cable
testbed is shown.
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The actuation unit on both sides consists of a harmonic
drive motor, an encoder, and a torque sensor. The maximum
torque of the motor is limited to 87Nm. By directing the
Tin to motor A, and subsequently inducing cable oscillations

characterized by sinusoidal or damping profiles, the resultant
Tout torque of motor B is registered. A mechanical adapter
was designed to hold the shaft, the load cell (Bosche and
model S20S-C3-0100 with a nominal load of 100kg), and
a plate that holds the Bowden cables. Tightening the screw
at the plate against the load cell the pretension is produced
at the Bowden cables and the value of pretension can be
obtained from the load cell.

Additionally, a visual tracking system from NDI has been
included to our setup, a crucial component for accurately
monitoring the position of a cable’s shape. Markers are
strategically fixed to the cable, enabling real-time coordinate
recording. Utilizing spline interpolation, we employ this
recorded data to estimate and visualize the cable’s shape. The
visual system returns a set of spatial positions of markers.
To have a clear interpretation, a reference frame was fixed
on the testbed, such that the markers possibly aligned on
a plane, since only 2D configuration is considered for the
testbed scenario.

The testbed described above is driven by an Asrock NUC
which operates a Linux operating system with a real-time
kernel at a frequency of 1 kHz. A graphic description of the
setup can be found in Fig. 2b.

The schematic of the testbed is shown in Fig. 3a. The
testbed must have at least one of the two motors fixed to it to
guarantee that the pretension of the cable can be measured by
the load cell in straight shape. This will be further discussed
in Section II-B. The symmetric structure of the testbed allows
to conduct versatile studies. However, in this paper, we focus
on the friction modeling of the double Bowden cable system.
Therefore, motor A will be used as the active actuator to
drive the system. Whereas, motor B will not only be used
as a sensing unit (e.g., torque sensor and encoder) but also to
apply dynamic loads to the system during the experiments.

B. Pretension Mechanism

The pretension of the Bowden cable is not only crucial
for the transmission and performance of the system but also
plays a significant role in the system’s friction behavior [5],
[23], [6], [25]. We developed a novel pretension mechanism
to conduct a more detailed study on the effect of pretension
on system performance and friction.

The free-body diagram of the whole testbed is shown in
Fig. 3c. The prismatic joint of motor B allows free motion
in z-direction. In steady-state conditions the force at joint A
in x-direction is equal to:

Tyu =0. (1
The equilibrium equation for the free-body diagram in
Fig. 3b is as follows:
T:Tas+Tor,e +To2,e —Tre =0,
Mz : (_TOl,x + TOQ,m)T = O>

where T; , denotes the reaction forces in z-direction for ¢ €
{4, B,01,02, L}. Combining the equations (1) and (2), the
pretension T , in both cables is equal to the half of the force

2)
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Fig. 3: Free-body diagrams. (a) Schematic of the double Bowden cable testbed. Where T;,, denotes the input torque and
D,y is the damping constant on the output side B. (b) The free-body diagram of the active motor A side in steady-state
conditions. The pretension of the cable is equal to half of the measured by the load-cell. (c) The free-body diagram of the
whole testbed, the notation used in this image is employed in section III.

measured by the load-cell 717, ,:

TOl,w = TO2,1 = TO,za
Ty, (3)
jllx = éx-

It needs to be mentioned that two individual Bowden
cables are used (see Fig. 3), and they are fixed to the
pulleys/motors A, B. Therefore, Tp1,, and T2, are me-
chanically coupled, and there is no friction relation between
those two forces.

III. TORQUE TRANSMISSION MODELING

This section examines the torque transmission modeling
specific to double-tendon sheath actuators, with a focus on
the challenges arising from transmission efficiency impacted
by inherent contact friction under pretension. In contrast to
single-tendon systems where input force significantly affects
system friction (as elaborated in [26] for subsequent cases),
the influence of input torque on friction in double-tendon
systems is relatively minor. However, in both systems pre-
tension and curvature exert significant influence on friction in
double-tendon systems, as detailed in section section IV-A.
Consequently, it is prudent to approach double-tendon sheath
driven mechanisms and single-tendon driven mechanisms
differently.

Pretension was initially applied and is represented by
tendon elongation. Both pretension and elongation remain
constant during operation, as outlined in section III-B.

A. Cable Shape Modeling

The marker coordinates (z,y) along the sheath captured
will be sorted from proximal to distal end (motor A to
B). The sorted coordinates (z,y) will be interpolated via
cubic spline w.r.t. a common coordinate ¢, which is the
sequence of the markers, with ”spline” in MATLAB. Then,
the interpolated coordinates are processed w.r.t. the unified
smooth common coordinate ts,,00tn Up to N samples with
“ppval” in MATLAB, considering N = 500.

This returned N smoothed waypoint (Z,y)smootn Of the
tendon path provides the computation of the total bending
angle 0 along the arc length coordinate s, since

— 2 2
ds = \/xsmooth + ysmoothdtsm‘mth' (4)
Along with the curvature computation:

/ " / 7
interp Ysmooth — YsmoothL smooth |

3/2 ’
)/

|

2 /2
(xsmooth + Ysmooth

where ’ and " denote the first and second derivative w.r.t.

the path variable tg,00tn. With the total integration of the
curvature k, the total wrapped angle of the tendon path
results as 6 = fOL kds or as computed in discrete case
0= Zg:_ll kySy. For illustration is presented in Fig. 4.
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Fig. 4: Different cable shape in the planar case. Denote d;
with two ends distance, assuming they are axially aligned.
dy = 34.5,dy = 42.5,d3 = 47,dy = 54,d5 = 59,ds =
64.5,d7 = 69.5,6[8 = 72,d9 = 74,d10 = 77 in cm.
Corresponds with different total bending (wrapped) angles.

B. Transmission Modeling

In this section, we redirect our focus from the bending
angle to the pivotal significance of curvature as a fundamen-
tal system characteristic [27]. Consequently, the modeling
of transmission has been predicted based on the curvature,
which is linked to the shape of the cable. From infinitesimal
cable segment force analysis, we have,

Tyt = Tine o 55 — 1, 00, ©6)
and
L _ s
Tine #Jo #(9)do _ Ty (s)
AL = in SALAY 7

where the T, /,,¢ denotes the input/output tension force of
the tendon, and AL represents cable elongation. T (s) de-
notes the pretension force, which is not uniformly distributed
along the arc length s [21], [23], [28]. The parameters F
and A denote Young’'s modulus and cross-section area of
the tendon respectively, and A denotes the motion direction
equal to 1 or -1. Parameter p is the frictional coefficient.
The total wrapped angle notation 6 can not be simplified
from curvature integration in (7) since no constant curvature
assumption has been used.

To consider the force transmission on the double-tendon
sheath driven actuators, from (6), the force on each cable is
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given as
Ty =Tie M =Ty, (8)
Ty = Tyet’ = BT, 9)

Fig. 3c is referred to for notation conventions.

The elongation in operation is considered as (7), regarding
the applied tension from the input motor producing active
torque 7;, to pull the upper cable and given as,

Sy (TremmJ5 5o Ty, (s))ds

AL, =
EA
_ fOL(T187# Is ;{(a)da)ds _ fOL(Tseiﬂ Is ;{(a)da)ds
EA
\IIOLTl - CTO
=— 10
TR (10)
with
L "s
v, :/ (e=rJo r@)doy g, (11)
0
L s
Cr, = / (Tye~HJo w@)doy g, (12)
0
where Ts = W is the average load cell value and

is treated as the known pretension value at boundary of the
tendon, therefore, the integrated term in Cr, follows the
same way of (6). The pretension related-term Cr, has to
be isolated under the assumption, that the total elongation
of each cable inducted from the pretension kept the same
during operation,

Similarly, the elongation of the lower cable reduces tension
force since the upper cable has been pulled, the elongation
is adjusted with opposite motion direction,

[ (Tyer o 5o _ Ty (s))ds

AL =

EA
UsTs —
o (13)
with
L .
Uy :/ (et o #()doy g, (14)
0

Note that, the pretension-related term Cr,, is the same since
the cable pair shapes are considered to be the same.

Under the assumptions, 1) the mass/inertia of pulleys and
tendon are negligible, 2) the tendon kept taught in operation
under pretension effect, the following equations are given,

Tin = 7”m(T1 - T3), (15)
Tout = Tout (T2 - T4)7 (16)
AL, + AL, = 0. (17)

Incorporating (17) and integrating with (10) and (13) for
two cables, in conjunction with the torque equations (15) and
(16) of force, the resultant torque transmission equation is
derived as follows,

Tout = KinTin + KTO CT()7

Tout (Vpa+¥q ) _ 2rout(a—p)
rin(Va+¥g) and KTO T W +Yg

(18)

where, K;,, =

C. Velocity Dependency

The hysteresis start/end states can be conducted by deter-
mining the velocity. x4 can be adopted to Stribeck-Coulomb
function as

= pa+ (s — pa)e” " (19)
Due to factors such as limited operational environments
or constrained output side designs, the input velocity is
often utilized as the hysteresis signal. However, this assumes
cable rigidity, which may not always be applicable due
to cable compliance [24]. It is introduced with a smooth
dead-zone function for velocity, which operates under the
assumption that velocities within a narrow range suggest
minimal induced motion, as follows,

Unys = 0.5tanh (s, (v° — v3es)) + 0.5, (20)

where Unys, U, Uihres denotes the hysteresis state velocity,
input velocity, and the dead-zone threshold velocity of the
function, respectively. Parameter s, is a scalar and tunes the
slope of the tanh function. The output torque prediction is
adopted to have memory function,

Tout = ’UTT, (21)
V= [Uhys Vhys sign(v) 1- UhyS]T

T = [Kzn’rzn KTO CTO Tout (t_)] g )

where 7,,:(t7) denotes the last memorized output torque
value.

)

IV. RESULT AND DISCUSSION

The experiments for data acquisition have been conducted
for feature observation and model fitting. The desired input
torque trajectories are applied to both, the input motor system
and the model. On the output side, a control command is
given as 7 = —K,(q — ginit) — Kqg is applied, to resemble
a spring-damper load with positive constants K, and Ky
w.r.t. the initial motor position g;y;t.

A. Preliminary Results

The torque transmission equation (18), incorporates a
slope denoted as K, and an offset termed KroCro. The
results reveal that K, is close to 1 during the pure sliding
phase, where the varying slope phase overpass the pre-sliding
phase, as illustrated in Fig. 5a(1), Fig. 5b(1) and Fig. 6b(1).

Fig. 5a shows the friction effect strongly related to the
pretension magnitude. This fact can be seen either in in-
put/output torque relation for the offset in Fig. 5a(1) or the
friction torque magnitude computed by Tfyic = Tin — Tout as
represented in Fig. 5a(2), under same cable shape condition.

Simultaneously, it is noteworthy that the configuration
of the cable affects the frictional impact under identical
pretension conditions, as illustrated in Fig. 5b. Specifically,
a greater degree of bending or curvature in the cable shape
correlates with increased frictional effects. It is important to
acknowledge a minor variation in pretension measurements,
which may be attributed to pretension loss caused by the gap
between the tendon diameter and the sheath inner diameter
[29]. Moreover, it is observed that higher degrees of cable
bending result in slightly greater tendon elongation losses.
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Besides, to illustrate the hysteresis characteristic resulting
from material compliance and friction as documented by
Agrawal et al. [23], Fig. 6b(2) exhibits a comparable Stick-
Slip effect, which is further addressed by Zheng et al.
[30] and Drincic et al. [31]. However, the friction torque
computed from the difference between input/output torque
does not result in a classical Stick-Slip effect (see the zoomed
view in Fig. 6b(2)). The phenomenon of the disorderly
friction torque trajectory occurs predominantly after alter-
ations in motion or changes in input torque direction. In
such instances, the output side retains a memory of the last
attainable output torque. The computed friction torque during
this phase is determined by how the input torque varies.
One can inspect the input/output torque dynamic phenomena
from the time plot (Fig. 6a), where the input torque of a
frequency combination (see Table I for 7;,,) frequently varies
under maximal stiction friction. According to Fig. 6a and
Fig. 6b(1), the output torque is memorized at some low
magnitude, for the case that the input torque is less than
maximal stiction friction. Therefore, the model is proposed
in an input/output torque modeling way instead of directly
modeling the friction, which facilitates the identification.

(V)] 2)
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Fig. 5: (a) the input-output relation w.r.t. two significantly
different load cell values (pretension) in (1), and frictional
difference w.r.t. the input velocity in (2). This result was
recorded under the shape 6;. (b) depict the input-output
relation w.r.t different shapes in (1) and frictional difference
in (2). Their corresponding pretension is measured in [51.83,
52.07, 5329, 5391, 54.08] kg.

B. Model Fitting

To obtain and validate the proposed model w.r.t. con-
cerned factors that may influence the torque transmission
performance, the experiment is designed to collect data for
different shapes, frequencies, and pretensions. It is worth
noting that the pretension is read for each group respectively.

The dataset is assembled according to the specifications
outlined in Table I, covering up to 10 groups exhibiting
diverse shapes, as illustrated in Fig. 4.

Load cell 7 ; | Shape 6; | Frequency f
—_ 1
T571 01 4515;
==
N
T. 2 92 L J  10s
° fsup
Ts,i 91

TABLE I: Data set for model identification and validation
for different shape and pretension conditions. T ; is the cor-
responding pretension for different shape groups. fs,; is the
notation for a torque trajectory with superposed frequencies
Tin = A sin(-27rTip) + % sin(3 - 27rTip) + £ sin(5 - 271',1%))
with A for amplitude and 7, for period time, which is
presented as an instance in Fig. 6a. T ;, 0;, and ... present
more collected data groups, that possess the considered
features in various magnitude.

Additionally, an optional frequency experiment has been
conducted for each group. It is expected that an arbitrary
group data from the Table I can fit the model and determine
the model parameters p = [d, fis, Vs, Uthres, S]- The model
is implemented on MATLAB by optimizing the object func-
tion MSE = + Zilil(n,ut(i) — 7out())? with multivariate-
derivative-free approach “fminsearch”. The determined pa-
rameter given in p = [0.056,0.062,0.546, 0.884, 1283.334] is
obtained based on the data from g under load cell reading
Ts = b4kg. It shows that the static friction coefficient is
slightly greater than the dynamic friction coefficient, which
matches our premise. An experiment related to material
friction coefficient in cable conduit systems was provided
in [32] for literature insight.

C. Model Validation and Discussion

1) Different Shapes: The model accurately aligns with
the magnitude at the specified low frequency, as shown
in Fig. 7. This alignment corresponds with the detailed
analysis of the torque transmission model under pretension,
effectively addressing the static challenge. It is remarkable
that at the hysteresis phase, where the output torque remains
unchanged. Besides, it can be observed that the mean value
of the prediction error is relatively small. However, the
groups 07 and fg have slightly larger bias around where
the output torque remains unchanged, which is primarily
attributed to the limited accuracy in predicting hysteresis (see
Section IV-C.3 for more details).

2) Different Pretensions: The validation outcome for sce-
narios where the pretension varies substantially is displayed
in Fig. 8 under the same cable shape. The proposed model
performs very well in terms of magnitude for load cell
value of 50 kg. However, in the 30 kg pretension, slight
overestimation is observed, particularly in the highest torque
range. This discrepancy is because of potential pretension
loss due to experimental factors, such as reduced lubrication
of the pretension guiding mechanism (see Fig. 2a), which
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Fig. 6: (a) presents firstly, the torque transmission loss w.r.t.
different cable shapes and, secondly, hysteresis phenomena
where the input torque varies, the output torque remains
unchanged. (b) presents the preliminary result of the torque
transmission up to different shapes (refer to Fig. 4 for
shape definition), adopted based on (a). (1) presents the
input-output relation hysteresis loop. (2) presents the friction
torque, with zoomed view on the pre-sliding phase w.r.t. the
input velocity.
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Fig. 7: Model validation w.r.t. different shapes, from top to
bottom are with 6o, 67, 0 with same frequency f = 0.1Hz.
The MSE was computed in [0.254, 0.196, 0.271] N2m?.

might lead to unexpected displacement during the operation.
Overall, for about 40% of the pretension difference, the
model fits in an acceptable range.

. [= = =Tin —Toutres

7: Nm

7: Nm
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N
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Fig. 8: Model validation results for the case of two different
significant groups for pretension 30 kg (top), 50 kg (down).
MSE is given in [0.245 0.294] N?m?. The frequency is
set to be 5 Hz.

3) Hysteresis Fitness: The difficulty presented by hys-
teresis becomes more noticeable when accounting for the
alternating directions of motion, as illustrated in Fig. 9. To
validate the fitness on the hysteresis, the input torque trajec-
tory with superposed frequencies has been applied, although
in simple trajectory with sinusoidal form validations (Fig. 7
and Fig. 8) have shown its capability of correctly memorizing
the output torque. The performance has correspondingly
reduced according to the given MSE value, which can be
concluded that the more dramatic dynamics inside cables,
the hysteresis behavior became less easily to be captured by
modified velocity observation.

10—v—‘_7—1ﬁn — Tout,ref Tout,pred }*
S B Vot VA oV A Vo VAR v
(=

s 0 = 2 2 3

Nm

£

time: [s]

Fig. 9: The model validation results for the case with multiple
frequency superposition with €5 (top), 67 (down). MSE is
given in [1.006, 0.735] N2m?2.

V. CONCLUSION

This study presents a compact design of a tendon-driven
actuation system. To substantiate our assertion that pre-
tension and cable shape are pivotal factors, a comparable
experiment was conducted with summarizing the important
features and knowledge. Based on that, we introduce a
precise physical model incorporating velocity-dependent hys-
teresis modification. This model is validated to demonstrate
the correlated torque transmission across various shape and
pretension factors within a precise quality and shows its
capability for fitting the hysteresis under different conditions.
The results of the paper illustrate an experimental, modeling,
and validation approach, offering more insights into the
torque transmission characteristics of tendon-driven actuator
systems. Additionally, the precise model demonstrates excel-
lent conformity in terms of magnitude across diverse shapes
within a broad range, providing an initial understanding of
hysteresis modeling attributable to cable material properties.
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