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Abstract— Remote actuation is useful in human-interacting
robots to reduce dynamic loading on distal joints. Cable-
conduit transmissions, sometimes referred to as Bowden cable
or tendon-sheath actuation, are a lightweight option for trans-
ferring power to a distal joint from a remotely located actuator.
However, the nature of such transmissions causes the system to
suffer from diminished efficiency and high reflected impedance
as a result of distributed frictional effects between cable and
conduit. A dynamic model is useful to produce controllers
capable of accurately tracking force or displacement at the
system’s output.

In this paper, we present a new computational model for
cable-conduit systems that describes interaction with non-
passive environments. Unlike previous models, our model fea-
tures bi-directional propagation of motion within the cable-
conduit system. This allows for simulation of human-interacting
systems where both the human and the robot have the capability
to impose motion or force. Because of this feature, the developed
model is applicable to a wide range of physical systems. The
model is validated in a physical prototype through experiments
involving physical interaction with a human subject. We show
that our model accurately predicts behaviors observed in the
experimental system.

I. INTRODUCTION

Human-interacting robots frequently employ remote ac-
tuation to transmit power to actuated joints. As opposed
to co-located actuation, remote actuation permits roboticists
to optimize actuator placement such that their placement
minimally affects the natural dynamics and energetics of the
limb being manipulated [1].

Cable-conduit transmissions, which employ a fixed outer
sheath and mobile inner cable, are a common choice for
remote actuation due to their flexibility, low mass, and ability
to withstand large forces. However, the nested cable design
introduces non-negligible frictional losses and mechanical
compliance. Consequently, the transmission suffers from
diminished mechanical efficiency and backlash, leading to
input-dependent stability properties [2]. As an additional
consequence, the large damping introduced by friction in
turn increases the reflected impedance of the system. While
careful design decisions may limit friction, these effects
remain significant enough that the system exhibits poor
tracking performance without proper compensation.
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Many existing human-interacting robots utilizing cable-
conduit transmissions employ only a single cable, allowing
the cable to be slacked when the desired torque is zero [3],
[4], [5]. However, single-cable systems can only apply torque
in one direction. While systems that use two cables have
bidirectional torque transfer capabilities, these systems also
require more careful control since slacking both cables to
achieve zero torque is impossible, and use cable tension [6]
or axial torque [7], [8] sensors for feedback.

Numerous specialized feedback laws for frictional ef-
fects present in cable conduit systems have been studied.
Townsend et al. [9] considered basic schemes, such as
integral control and feed-forward Coulomb friction com-
pensation, but found that the presence of stiction caused
convergence to a limit cycle rather than the desired value.
Several more recent efforts [10], [11], [12] have developed
nonlinear compensation laws for use in real-time feedback
control. These provide significant performance improve-
ments, but are based on simplified models, which assume
a constant cable configuration or interaction with a passive
environment. Using a more general model in a feedback

Fig. 1.
featuring all 3 operating modes (Position-Torque, Torque-Position, Position-
Position). Note the model’s ability to change the number of mobile cable
segments at both ends of the conduit, as appropriate.

Schematic diagram of the proposed cable-conduit actuation model,



controller could allow for improved system performance in
applications involving human-robot interaction.

The first dynamic models of the cable-conduit transmis-
sion were developed by Kaneko et al. [2], [13]. Taking a
lumped-mass approach, these early models approximated the
inner cable as a series of interconnected mass-spring-damper
systems. This provided reasonably accurate estimations of
system behavior, but was constrained to constant curva-
ture, pretension and environment stiffness. This lumped-
mass model was later improved upon by Palli & Melchiorri
[14] who used the dynamic Dahl friction model. Do et al.
[10], [15], [16] further improved the accuracy of friction
estimation by studying a wide array of models and selecting
a modified Bouc-Wen model. However, restrictions imposed
by a lumped-mass formulation limit the range of physical
systems to which these models apply.

Instead of using a lumped-mass approach, Agrawal et al.
[17], [18] discretized a set of partial differential equations
in cable displacement and tension for arbitrary pretension
and curvature. Their new formulation allowed for the study
of multiple cable systems, and reproduces the phenomenon
of partial movement within the cable, where one regions
of the cable moves while the remainder remains stationary.
Their derivation, however, constrained the model to the
study of systems that interact with passive environments and
are position-controlled at their input. These limitations are
highly restrictive for the study of practical systems. Typical
input actuators, such as DC motors, are torque regulated,
not position regulated. Additionally, assuming interaction
with a passive environment imposes that motion can only
propagate in a single direction in the cable. Fig. 1 shows that
when considering active environments motion will need to
propagate in both directions. Since human-robot interaction
focuses on the interaction with active environments, models
of cable-conduit transmissions for human-robot interaction
must not assume monodirectional motion propagation.

This paper expands upon the model of Agrawal et al. [17],
[18] by developing a modified set of equations that solve for
the complete state of the cable-conduit system in the presence
of any two applied tensions or displacements, as shown in
Fig. 1. As such, the model is capable of propagating motion
from either side of the cable, in both directions, concurrently,
to describe the interaction with non-passive environments.

II. TRANSMISSION MODEL
A. Theory

We develop our model based on the assumption of an
axially linear elastic cable. We present our innovations and
the crucial aspects of the model formulation here; the full
derivation of the base formulation can be found in [18].

Since the governing differential equations for the system
are unsolvable in practice, we instead choose a finite-element
approach. The cable is divided into a number of discrete seg-
ments, over each of which system parameters such as radius
of curvature are approximated as constant. The number of
segments presents a trade-off between numerical accuracy
and computational complexity.

A given segment ¢ of cable experiences frictional losses
in tension due to contact between cable and sheath. Tension
T; creates a normal force between cable and conduit at a
given point as a function of the radius of curvature R(i),
given by F,, ~ T;R(i)~'dz. Normal force F,, is assumed
to be constant over the given segment’s length Ax. This
can be multiplied by coefficient of friction, as a function of
segment velocity v;, and direction of motion, p(v;) and S;
respectively, then integrated along the cable. The result is a
change in tension between the two ends of the cable segment
Ti,i+1 defined as:

Ti+1 o M(Uz)slAl'
T, < R(i) )
Additionally, since the cable is modeled as an elastic element
with spring constant K., Hooke’s Law provides a relation-
ship between the change in tension across a segment due to
friction and the change in length of the segment,
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where u; and T; represent the displacement of and tension
at the 4th node. These two equations fully define the state of
all moving segments in the cable, and are evaluated at each
timestep during simulation for segments ¢ = 1 to k — 1. If
instead a node is stationary, its tension and position cannot
change from one iteration to the next. When a stationary
node n is adjacent to the last moving node” (LMN) k, a
boundary condition for the motion of the mobile segment(s)
of cable is given by

(D

Ui+1 — U

T Ax T,Ax
up + 2Kc = Up — 2Kc (3)

The equations above yield 2k —1 equations while in partial
motion, or 2k — 2 equations during mass motion, but there
are 2k free variables (k each of position, tension) defining
the cable state. To solve the system, at least two additional
constraint equations are required. These equations specify
either the exact value of a variable (e.g. a known input
position, or measured tension), or relate two variables in
a way not linearly dependent with existing equations (e.g.
an equation representing a position-tension relationship of a
spring environment). Furthermore, two modeled cables can
be connected to a load pulley in a pull-pull configuration by
including appropriate constraints on their end positions.

Motion propagates through the cable when the first sta-
tionary node n on the cable becomes the new LMN, k. This
condition is verified when the difference in cable tension at
that node can overcome static friction,

p(vy) Az )
R(n)
A change in LMN means that an additional segment would
have moved during the previous time instant, and requires
its re-evaluation. The LMNs reset to the first and last node
of the cable when motion stops or changes direction, since
every segment will be required to overcome stiction at these
instants. Lastly, in the event that a cable becomes slack,
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(i.e. it has non-positive tension), our model neglects any
contributions from this cable until it is no longer slack.

B. Friction Modeling

Previous models using this formulation relied on simple
Coulomb friction. Our model specifies the friction coefficient
w for a given segment ¢ as a function of that segment’s
velocity, v;, calculated at the previous timestep as

v; = (U + ig1)/2 )

For the sake of comparison with prior works, we elect a
simple stiction model

,uS fU,L:O
i) = 6
pu(vi) {ud b 20 (6)

throughout all experiments presented except where otherwise
specified.

C. Variable Inputs/Outputs

Previous models treated wu; as an input and required
the existence of f(z) such that uyy1 = f(Tn41), where
N is the number of cable segments being simulated. We
relax this constraint by allowing any couple of the set
{u1,un+1,T1,Tny1} to be specified as input. If the input
couple specifies at least one position variable, the system
is fully defined. Otherwise, the system of (1,2) requires an
additional world-frame displacement law (e.g. a bulk mass)
to calculate absolute positions instead of relative ones. As
such, we exclude the couple {T7,Tn+1} for purposes of
this paper.

Allowing arbitrary variables to be specified removes the
previous assumption that the environment is passive. As a
result, the model cannot assume motion will always propa-
gate from the proximal end of the cable to the distal end. To
accommodate this, the model introduces the possibility of a
second last moving node, k3, which can propagate from the
distal-most node of the cable back toward the proximal end.
When k£ and k2 do not coincide, each end of the cable is
treated as a separate system and solved independently, since
no motion or tension can be transmitted through non-moving
nodes. When the two moving nodes k£ and ks, coincide, the
cable begins to move en masse and is solved as a single
system.

ITI. MODEL VALIDATION
A. Experimental Apparatus

A test platform was designed to include a cable-conduit
transmission between a DC motor and a handle constrained
to apply torques along the flexion/extension axis of a hu-
man wrist. In this scenario, the human would apply effort
to accomplish motion and the remote actuator would be
controlled so as to display desired force/torque at the point
of interaction to display virtual dynamic environments.

Fig. 2 shows a schematic of the test bed. The cable
mounting plates can slide to facilitate pretensioning of the
system. The system has a fixed transmission ratio R of
approximately 5, specified by the ratio of radii between the

load and motor pulleys. Torque is supplied by a DC motor
(Maxon motors 355679). Torque from the motor is measured
via current sensing. For static tests, the load pulley can be
locked to its support structure by a bolt such that the applied
torque can be measured by the 6 channel force/torque sensor
(ATI mini40, resolution 0.5 mNm, 4 Nm at full-scale output).
Position can be measured at both ends via encoders present
at both the actuator (2000 cpt) and load shaft (10000 cpt).
When a human is present, an additional passive degree of
freedom at the handle compensates for any misalignment
between the anatomical and robotic flexion/extension axes.

Each cable consists of a 2 m wound steel wire sheath
with HDPE liner with an approximate inner diameter of 1.75
mm (Lexco Cable 408187), and an inner cable with a 7x19
stranded stainless steel core coated in nylon to a final outer
diameter of 0.75 mm (Sava Cable 210149). The cables are
arranged in a typical pull-pull configuration used to allow
for bidirectional transmission of motion and force.

B. Parameter Estimation

The model has eight free parameters describing the me-
chanical properties of the system. Cable length, curvature
radius, and both pulley radii were measured directly. The
elastic coefficient of the inner cable was estimated by a
measurement of the stretch-vs-force relationship for both
cables in parallel with output pulley blocked. Pretension
is calibrated using a spring stretched to prescribed lengths
to move the cable mounts. The friction coefficients were

Fig. 2. Top: Rendering of test apparatus design. The system is comprised
of an input motor (2) and its pulley (1), which drives two steel inner cables
(3) through their conduits (5), causing motion of the load pulley (6) and
therefore the handle for human interface (7). Mobile conduit supports (4)
pretension the cable, and load torque is measured by loadcell (8). Bottom:
Photograph of the constructed system.



estimated by minimizing the difference between model and
physical results during an experiment similar to those de-
scribed in the following subsection, but this trial was not
used for any comparisons. Table I lists the values provided
to the model for each experiment, unless otherwise specified.

TABLE I
SYSTEM PARAMETERS USED FOR MODEL SIMULATION

L R(x) Tinput Tload K T() 7%} s

104mm | 2 [ 10N | 0.21 | 0.63

m

2m | 0.28 m | 20 mm

C. Experiment 1: Behavioral Verification

In Experiment 1, we aimed to check that the model reacts
correctly to changes in relevant physical parameters such
as cable pre-tension and radius of curvature. To do so, the
load pulley was locked, and the motor applied a torque
alternatively ramping up and down with a slope of £0.1
Nm/s to a maximum of +0.125 Nm then dwelling for 0.5 s
before reversing direction.

Under this paradigm, we first studied variations in pre-
tension (Experiment 1a). Pretension in the cables was set to
4 levels by using a spring stretched to different lengths to
adjust the position of one cable mounting plate. The motor
then applied its prescribed torque profile for 30s. The model
was given the prescribed motor torque profile and fixed load
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Fig. 3. Exp. la: Physical system and modeled behavior when pretension in
the cables is varied. The model reproduces the trends in behavior introduced
by variations in pretension correctly.

angle as inputs. Only the pretension variable was changed
in the model between trials. The results of this experiment
are visible in Fig. 3. In agreement with eq. (1), increased
pretension causes increased friction, decreasing efficiency.
This effect is visible both in the experiment and the model.

The experiment was repeated with the cable forced into
a path consisting of 1, 2, or 3 loops (Experiment 1b). The
ability to describe correctly the transmission dynamics under
changing configuration is of critical importance to wearable
robotic applications, where the cable’s path is usually time
varying. For this condition, pretension was fixed at a constant
level set before each trial to ensure consistency. As visible
in Fig. 4, increased cable curvature results in larger backless
and decreased transmission efficiency, both in simulation and
experiment.

D. Experiment 2: Position-Force Mode

In Experiment 2, we validated our model’s capability of
capturing dynamic interaction with an active environment.
Here, the motor is controlled to apply a torque 7 (expressed
in newton-meters) in response to the angular displacement 6
(in radians), given by

min(—1(0 4+ 0.05),0.2) 6 < —0.05
7(0) :=4 0 0] <0.05 (7)
maz(—%(6 —0.05),-0.2) 6> 0.05

During the experiment, the participant was instructed to
move the handle periodically, imposing an amplitude of at
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Fig. 4. Exp. 1b: Variations in system behavior when cable path is changed.
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Fig. 5. Exp. 2: Simulated and physical error-reduction tunnel behavior. Torques and pulley angles have been scaled by the transmission ratio R in the

lower plots.

least 40 deg. The trajectory imposed by the human and
the corresponding requested motor torque were then input
to the model which repeated the experiment in simulation.
Model parameters were left unchanged from Experiment 1.
Fig. 5 presents position and torque relationships both in
the experiment and simulation. Results show a qualitative
match between experiments and simulations. Fig. 6 shows
the hysteresis present in rendering of this virtual dynamic
environment imposed by the transmission, both as captured
by the experiment and simulation.

There exists a numerical discrepancy between the model
and physical results. Some of this error can be attributed
to shortcomings of the over-simplified stiction model used.
We analyzed the behavior of the model in presence of a
viscous friction term, and verified that the residuals (sum of
squares of difference in torque values between simulated and
experimental data) are reduced by about 50% (Fig. 7). It is
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Fig. 6. Exp. 2: A comparison of the prescribed error-reduction tunnel

and the measured torque when implemented naively with remote actuation.
Accurate prediction of this behavior will allow for compensation of the
effect.

expected that the use of a more advanced model will further
reduce the residuals.

E. Experiment 3: Position-Position Mode

Our third experiment aimed to validate the capability of
our model in the position-position case. For a high-friction
transmission, intuition suggests that when input and output
impose identical trajectories, each source is responsible for
moving one half of the cable, requiring compensation of
50% of the system’s friction. For this experiment, the human
applied a periodic trajectory to the load pulley while the
motor was controlled with a stiff PI position controller with
desired angle 04.; = ROj,qq4. We expect that the non-ideality
of this position controller will distort the anticipated sharing
of effort and lead to asymmetry in the measured torques.

Two methods were used to replicate this experiment in
the model. Both methods specified the load-side trajectory
as one input. In the first, the model is given a motor
trajectory specified by 0,,0t0r = RO0ad, representing the
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Fig. 7. Exp. 2: Comparison between modal residuals, and their linear fits

to velocity, with and without inclusion of a viscous friction term. Decreases
in residual from improving the friction model suggests using a specialized
friction model such as in [16] could improve accuracy of modeled results.
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Fig. 8.  Exp. 3: A comparison of physical, realistically modeled, and
ideally modeled position-follower systems. Using measured torque as input
for dynamic system (Realistic Model) reproduces some of the asymmetry
seen in the experiment.

ideal, infinitely stiff position controller. In the second, the
model applies the same torque at the motor as the real PI
controller applied, as to simulate the behavior of the non-
ideal controller used in the experiment.

Fig. 8 shows that under the ideal conditions, torques at
both motor and load match the expected behavior of perfectly
splitting the effort needed to overcome friction. The results
from the experiment and second simulation demonstrate
similar asymmetries in load sharing resulting from the non-
ideal nature of the position controller.

IV. CONCLUSION

We have developed and validated a novel cable-conduit
transmission model capable of describing interaction of
robots with active environments. The simulated results of
our model match qualitatively effects observed in experi-
ments conducted with a benchtop cable-conduit transmission
prototype involving non-passive human interaction.

Since some of the numerical discrepancy can be attributed
to the simplified friction model, we expect that including
friction models specifically designed for cable-conduit trans-
missions [16] will allow for more accurate predictions of
engagement behavior as well as capture trends resulting from
other unmodeled frictional effects. Furthermore, allowing for
variable-length segments as a function of their instantaneous
radius of curvature will allow for optimization of the com-
putational complexity of the model. This will be of benefit
for wearable applications, where regions of large curvature
are usually only near human joints.

Future work involves integrating this model and available
sensor technologies into a state estimator to be used in
real-time control applications, and developing new sensing
techniques to further take advantage of the computational
capabilities now available.
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