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Elongation Modeling and Compensation for the
Flexible Tendon—Sheath System

Zhenglong Sun, Student Member, IEEE, Zheng Wang, Member, IEEE, and Soo Jay Phee, Member, IEEE

Abstract—In tendon-driven systems, the elongation of the ten-
don would result in inaccuracy in the position control of the system.
This becomes a critical challenge for those applications, such as sur-
gical robots, which require the tendon—sheath system with flexible
and even time-varying configurations but lack of corresponding
sensory feedback at the distal end due to spatial restrictions. In
this paper, we endeavor to address this problem by modeling the
tendon elongation in a flexible tendon-sheath system. Targeting at
flexibility in practical scenarios, we first derived a model describ-
ing the relationship between the overall tendon elongation and
the input tension with arbitrary route configurations. It is shown
that changes in the route configuration would significantly affect
the tendon elongation. We also proposed a remedy to enhance the
system tolerance against potential unmodeled perturbations along
the transmission route during operation. A scaling factor S was
introduced as a design guideline to determine the scaling effect. A
dedicated platform that was able to measure the tensions at both
ends and the overall tendon elongation was designed and set up
to validate the new findings. Discussions were made on the perfor-
mance and the future implementation of the proposed models and
remedy.

Index Terms—Position control, tendon elongation, tendon trans-
mission, tendon—sheath system.

1. INTRODUCTION

ENDON transmission is an active research direction in a
T robotic manipulator design in order to convey an action
at a remote site. It allows the separation of the actuation site
and the end effectors without introducing extra components to
the end effectors; thus, a lightweight and compact design for the
end-effectors could be realized. In addition, the tendons are com-
pliant and flexible, but are able to transmit high power through
narrow and even tortuous pathways. Hence, many applications
with spatial restrictions often adopt tendon transmission as their
actuation mechanism, such as humanoid robotic hands [1]-[4]
and wearable exoskeletons for haptic interface [5] and rehabili-
tation [6], [7]. Most recently, tension transmission has also been
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applied in applications like rescue robot [8] and even surgical
robot for minimally invasive surgery (MIS) [9], [10] and no-scar
surgery [11], [12]. The tendon—sheath system (TSS), also known
as the cable-conduit system or Bowden cable system, is used to
provide the necessary directional guidance in tendon transmis-
sion. It allows for simpler mechanical design and less spatial
requirements with respect to other solutions based on pulleys
or fixed supports. Therefore, the TSS is flexible in adapting to
the environment, especially in applications where the work path
is concealed or of strict space limitation. For example, through
a winding orifice inside the human body [13]. Recent studies
have shown that TSS could be a promising solution for surgical
systems with success in both animal [14] and human trials [15].

However, the control of these systems could be challenging.
Due to the tendon compliance and frictions between the ten-
don and sheath, the TSS mechanism suffers from significant
tension attenuation and motion backlash. These nonlinearities
hinder the TSS from being adopted in applications requiring
delicate and precise control. Therefore, a proper model for the
TSS transmission characteristics is desired to address these non-
linear behaviors, such that effective compensations could be
performed to improve the overall system performance. Several
activities regarding TSS mechanism modeling were reported
in the literature. Many researches focused on the transmission
characteristics for the TSS of constant radius [16]-[19]. The
assumption of constant radius was valid for their applications
in the robotic finger actuation, but limits the generality of the
TSS model. Low et al. analyzed the TSS with random route
configurations by approximating the transmission route config-
uration with piecewise constant radii [20]. Agrawal et al. used
discretized model to simulate the transmission characteristics of
the TSS in a closed loop [21]. In their works, the TSS modeling
is still limited in a pr-defined, fixed tendon—sheath route config-
uration. Moreover, in-depth discussions of the tension transmis-
sion and tendon elongation with respect to the tendon—sheath
route configuration, which are the foundations in the control of
flexible TSS, are lacking.

Therefore, in order to stretch the limit and extend the trans-
mission model to completely flexible TSS, we have elaborated
the tension transmission characteristics of TSS with arbitrary
2-D planar and 3-D spatial configurations in one of our recent
publications [22]. However, the tendon elongation problem, as
a critical problem for position control in most of the tendon-
driven systems, is still lacking attention [23]. For those applica-
tions with strict spatial restrictions, where it is difficult to place
sensors at the distal end to close the control loop, presence of
the tendon elongation could lead to position misalignment and
motion backlash. For example, in the application of surgical
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robots [9], [24], the TSS has to go through narrow and tortuous
pathways inside the patient’s body; the configuration of the path
would be flexible and time-varying throughout the operation.
The resulting position errors in the system requires the surgeon
to continuously adjust his input commands during the manipu-
lation. Inevitably, it would lower the intuitiveness of the system,
and thereafter affect the performance of the surgeon. In order
to improve the system performance, in this paper, we will focus
on the modeling and compensation of tendon elongation in a
flexible TSS with arbitrary route configurations.

II. MODELING FLEXIBLE TENDON-SHEATH SYSTEM

In a mechanical remote connection such as TSS, force and po-
sition play important roles in the control architecture. In many
of the existing works, force or position sensors were placed
at the remote robotic end-effectors side, to close the control
loop [25], [26]. However, in many applications, no sensory in-
formation could be retrieved due to the restrictions such as the
workspace constraints. In such cases, acomprehensive modeling
of the actuation mechanism is needed to assure the basic require-
ments in accuracy, then the system could be further benefited
from those sophisticated high-level control algorithms, such as
real-time identification [27], motion planning [28] and machine
learning [29]. Following this train of thought, we present the
following investigation on a more generic condition for TSS
modeling.

A. Basics for System Position Control Using TSS

For a better understanding of the problem, we start from the
analysis of a unidirectional tendon—sheath system. In order to
transmit power from one end (proximal) to the other (distal),
both ends of the sheath will be immobilized, while the tendon is
pulled. The length of tendon that is pulled out from the sheath
is accountable for position control. Given a desired user-input
position, we must consider the effective elongation to compen-
sate the excess in length. Since the elongation of the tendon is
a function of the applied tension, it is essential to understand
the tension transmission characteristics along the tendon. In the
following section, tension transmission in TSS is first reviewed,
followed by modeling of the tendon elongation in flexible TSS.
Prior to that, several assumptions regarding flexible TSS and
their working conditions are made.

First, as generally accepted in the literature, the loss of tension
on the tendon is solely caused by friction between the tendon
and the sheath; the elongation of the tendon can only be positive.
Second, it is assumed that both tendon and sheath are uniform,
so the properties p and p are constant. Finally, to avoid extreme
condition, it is assumed that at any time the configuration of
TSS will not be completely straightened.

B. Tension Transmission in a Flexible TSS

Consider an infinitesimal segment of tendon and sheath as
shown in Fig. 1. Some terminologies not shown in the figure
are also explained here. Here, ¢ is the elongation of the tendon.
( is the general representation of the direction index, where in
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Tension of the tendon
Tendon property
Normal force

Friction force

Friction coefficient
Radius

dy Curve angle

dT Change in tension

dl Tendon segment length

ST Y™ N

Fig. 1. Small segment of a tendon-sheath system.

case of sliding ( = sgnf , & being the displacement of the entire
tendon in the sliding case.

From Fig. 1, the basic relations of these variables for an
infinitesimal segment could be written as follows:

dl = rdo, f =vp,v = Tde,dT = — (. (1)

The change of tendon tension on the segment in study, caused
by tendon—sheath friction, can be derived from the basic equa-
tion in (1)

dT
d
In much of the existing literature [16]-[21], the radius r is
used to define the shape of the route. It is noted that from this
point we use the tendon curvature term x instead of the radius r,
the necessity of such changes would be further explained in the
following discussions. The curvature is defined as the reciprocal
of the radius

—%T( — —ukTC. )

1
k=—.
r

3

It is a property with better physical meaning to define the
curve geometry. It describes the magnitude of the variation of
the tangent vector in a curve. Following this definition, the
curvature of a straight line is zero.

Then, the tension transmission from the proximal end to the
distal end of the tendon—sheath could be expressed as

L
7, =~ [ uerOTW @+ T + T @)
where L is the total length of the tendon, 73, is the tension ap-
plied to the beginning of the tendon, 77, is the tension transmitted
to the end of the tendon, and T is pretension. Note here that
both 7" and « are functions of [. Therefore, the actual function of
the curvature along the tendon (1) is requested to calculate the
integration. However, for general flexible TSS, the curvature is
arbitrary, not predefined, and could even be time-varying. Since
it is difficult, if not impossible, to measure the radius/curvature
of each segment of the tendon—sheath, we proposed a solution
in our previous work to remove x(l) from the expression of
tension transmission [22].

In [22], we introduce the variable ® as an accumulated curve
angle of the route. It is calculated as the sum of the absolute
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value of each infinitesimal curve angle along the TSS

n
o= |® (5)
i=1
despite the segments being convex or concave, the sign of all
curve segments are considered as positive. n denotes the number
of convex and concave segments throughout the length, ®; is
the curve angle of each curve segment.
Then, by replacing the variable ~ using dl = r -dp = 1/k -
d, the transmitted tension could be modeled as

Tine #¢, ifo <
T, = ) (6)
To, ifp > @

where ®( has similar meaning as [, which is conventionally
used in the literature [16], [17], and [21] to represent the loca-
tion where the input tension can be effectively transmitted; it
represents that in the current shape, the location with maximum
accumulated curve angle along the tendon until where the input
tension can be effectively transmitted. For any corresponding
curve angle & > &, the tendon segments are considered un-
changed. The definition of ®, can be written as a function of
input tension 7}, determined as follows:

P = min{p|T(p) = To}. (7

In order to derive our elongation model, here the conclusion
in our previous publication [22] for the tension transmission of
flexible TSS is shown:

Theorem 1: For a flexible TSS with terms defined in (1) and
input tension of 7j,, the tension along each point of the TSS is
given by (6).

From Theorem 1, we can derive that the tension transmis-
sion depends on the accumulated curve angle ® over the entire
tendon. Therefore, as long as no convexity of any segment is af-
fected, and the overall accumulated curve angle is not changed
(hence, ® is not changed), configuration of the TSS will not
affect tension transmission. This is important in flexible TSS
applications, especially for controlling multi-DoFs robotic ma-
nipulator. It implies that the tension transmission characteristics
are route configuration independent; and it gives the system
more tolerance against small perturbations along the route. Val-
idation experiments and more details could be found in [22].

C. Elongation Model for a Flexible TSS

Understanding the tension transmission characteristics in a
flexible TSS, in the following section we continue to propose an
elongation model that describe the characteristics of the tendon
elongation in a flexible TSS.

For simplicity, we assume the tendon is working within its
elastic range. Considering a straight tendon segment with length
of [, no tension attenuation occurs since the curvature x = 0;
therefore, the overall elongation ¢ is proportional to the tension
exerting on it, and can be expressed as

= =pT. ®)

When the tendon is not straight but of flexible curves, re-
call the segment of TSS in Fig. 1, the local elongation with
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corresponding curve angle of ¢ can be written as

dé 1 1 5 1
PO _ L pr() - 1) = Lot~ Lom o)
@ K K K
Integrating on both sides of (9), with 6(0) =0, p, T}y, and
T, constant, the overall elongation at accumulated curve angle
of ® can be derived

[
1
5 = T, / Lo dp— pTy L, (10)
K

0

Since the exact function of x(¢) is not known, (10) cannot
be solved analytically. In order to further investigate into the
relation between input tension 7}, and elongation 9, we divide
the tendon into ¢ segments, such that each segment has a constant
curvature, denoted as ;. Then, it is possible to split the integral
correspondingly into ¢ segments, with the lower and upper limit
©; and ¢, respectively. Hence, the integral in (10) can be written
as the summation of all segments

_ Pl
e

where ® = >". (' — ;). Note that if we move the input tension
T;, into the summation, we can obtain a general expression of
tendon elongation

1 , i
5o Z ;(e_lLC\Pi — e HCy ) — pTyL (1)

_ P 1 N iy
‘5@_&;5@(%) T(¢")) — pTyL. (1)

The previous step ensures that each segment ¢ has a constant
curvature ;. In order to have a better understanding on the rela-
tions between the local input tension and curvature, we continue
to do the following analysis. Now, consider each one of the @
segments, there exist even smaller segments, with a total number
of 7, such that the curve angle for each of the j segments is the
same, denoted by ¢. By doing this segmentation, the curvature
+; values are still constant for each segment, since the new seg-
ments are made based on the constant curvature ;. Thus, we
get a similar expression to (11) with a very important change

P —ulo T;
bp = —(1 — e 1% L pT,L
" uC( )%:Kj '

(13)

where ® = j, T} is the input tension at the beginning of each
segment. Two observations can be made from (13) about the
elongation of flexible TSS.

Remark 1: Elongation is affected by both the curvature con-
figuration and the tension distribution along TSS.

Remark 2: The smaller the x; is, the more influence it will
have. Thus, the same input tension will result in less elongation
at sharp bends than at smoother bends or straight lines.

Based on the tension distribution and transmission model as
proposed in Theorem 1, we propose a theorem for the tendon
elongation of flexible TSS as follows.

Theorem 2: For a flexible TSS with terms defined in (1) and
input tension of 7, the overall tendon elongation for TSS with
arbitrary route configuration is given by (11).

In Theorem 2, relations between the overall tendon elongation
dg and the input tension 73, are revealed. In general, the input
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Setup A Setup B

0 Length 0 Length

Fig. 2. Tllustration of Proposition 1.

tension 73, at the proximal end of TSS could be easily measured
by using sensors, since there is less strict spatial restrictions.
Therefore, once the input tension 7}, is known, it is desired to
restore the tension transmission and tendon elongation through
the derived models in Theorems I and 2. For this purpose, we
continue to investigate into the configuration dependence of both
the tension transmission and the tendon elongation in TSS; and
the following proposition can be made.

Proposition 1 (Configuration Dependence): In TSS, the ten-
sion transmission could be route configuration independent, as
long as the total accumulated curve angle ® remains the same.
But the elongation appears to be route configuration dependent.
The curvature « of a curve and its location along the TSS would
both contribute to the tendon elongation.

Proposition I could be illustrated as in Fig. 2. Following the
definition in (5), both setups A and B consist of a half circle and
a circular loop with a total accumulated curve angle of 37. The
total length and corresponding radii of two curves are identical,
while the positions of the loop curve are opposite. As derived
in (6), Despite the different route configurations, the tension
transmission follows the same relation of T, = T.,e *37, as
shown in the dotted line. However, tension distribution along
the tendon would be different: the closer the curve is to the
proximal end, the faster the tension level will drop. In Fig. 2,
the tendon elongation could be referred as the areas under the
tension distribution curve; and it is obvious that the dimensions
of the shaded areas in setups A and B are different.

D. Proposed Method for Elongation Compensation

In practical operations, it is inevitable to encounter perturba-
tions along the route. Here, perturbation refers to the unaware
or unmodeled bending curve formed during the transmission.
For instance, the tendon—sheath configuration may vary, by al-
terations due to the carrier platform. It would change the local
curvature, and hence the overall curvature distribution. Noted
from Theorem 2 and Proposition 1, due to the configuration-
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dependent nature of the tendon elongation in TSS, such pertur-
bations might affect the overall tendon elongation. Hence, the
extent of the system tolerance against such disturbance, becomes
critical to the accuracy of the elongation modeling. In the fol-
lowing, we investigated into this issue and proposed a remedy to
enhance the system tolerance against unmodeled perturbations.

Recall the equation derived in (13), elongation could be ex-
pressed as a summation of the value of local input tension over
the corresponding local curvature at each segment. Since the
nature of the perturbation, such as curve angle and curvature,
are unknown, alternatively, we could reduce their influences to
the overall elongation by reducing the local input tension distri-
bution. The local tension could be written as a function of the
input tension at the actuator side

T; = Tme—ué(@j). (14)

Hence, the closer to the actuator side the curve is, the more
influences it will have. Also, it is noted from Remark 2, the
sharper the bending curve is, the more influences it will have.
Based on these criteria, we propose the following remedy: to
intentionally introduce a modeled bending curve at the proximal
end, close to the actuator side.

In such a manner, the introduced curve could suppress the ten-
don distribution afterward. Thus, the influences in overall ten-
don elongation contributed by unmodeled perturbations would
be lessened. By controlling the characteristics of the introduced
curve, the suppression factor could be adjusted according to
different design requirements. In the following, we present a
quantitative analysis on this scaling effect.

Recall the expression of tension and elongation in (6) and
(10). With an accumulated curve angle of ®, and no pretension,
the transmitted tension and total elongation are

Tmlt = 1—‘11167#4(1) (153)

0]
1
51 = T / e d, (15b)
o k()

Before we continue with the outcome when perturbation oc-
curs, the following remark is made.

Remark 3: In the TSS, the perturbation might affect at least
one or both arguments in the tension and elongation equation: 1)
accumulated curve angle ® and 2) local curve angle/curvature
configurations k().

In the following, we use A® and x(¢)* as the changes in
the accumulated curve angle and local curve angle/curvature
configurations caused by perturbations. When a perturbation
occurs, corresponding changes in tension and elongation are
shown as

AT, = Tipe M® (e 1A% — 1) (16a)
o+AD @
Abyp =pTiy </ - e HCw d(p—/ e hey d@) )
0 k() o K(®)
(16b)

As a comparison, with the proposed remedy we introduce
a curve with curvature of K and angle of (3 in front, the
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Fig. 3.

Experimental setup.

corresponding changes in tension and elongation transmissions
under the effect of the same perturbation become

AT}, = Tpe "C(PH0) (emmA® ) (17a)
D+AD 1 .
A6} = pTin (/ ——e M dy
0 k()
* 1
,/ o (B+p) d<p>. (17b)
o K(p)

Here, we introduce a scaling factor .S with an expression of

S =e 1l (18)

and we can find the relations between the changes with and
without remedy applied by comparing (16) and (17)

ATglt:S'ATouta A(SE =5-Ad.

U

19)

Based on these findings, we could conclude the following
theorem for the proposed remedy:

Theorem 3: By intentionally adding a curve at the proximal
end of flexible TSS, the disturbances in tension and elongation
caused by unmodeled perturbations could be scaled by a factor
of S as shown in (18).

In such a manner, the system would be less sensitive to the
changes in the TSS configuration; the system tolerance against
unmodeled perturbations is enhanced. Validation results and
discussions are made to assess the proposed elongation model
and remedy in the following sections.

III. EXPERIMENTAL VALIDATION RESULTS
A. Experimental Setup

An experimental platform was designed to evaluate the over-
all tendon elongations with respect to the tension inputs, as
shown in Fig. 3. In the experiments, we used Teflon coated
stainless steel wire rope of 0.54 mm in diameter as tendon and
round wire coil with an outer diameter of 0.9 mm and an inner
diameter of 0.6 mm as sheath, both were commercial products
for industrial applications made by Asahi Intecc, Japan. The
tendon—sheath system was placed on a board with adjustable
configurations between two fixed bases. A dc servo motor was
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used at the proximal end; and a spring system was used at the
distal end to ensure the entire tendon would adopt the same di-
rection index ¢ in both pulling and releasing phases. Encoders
were used to record the displacements of the tendon on both
ends. Two washer type load cells (LW 1025 from Interface Inc.,
Atlanta, GA, USA) were placed between two ends and corre-
sponding fixed bases to measure the tensions. The length of the
tendon out of the sheath was kept short to minimize its influ-
ences on the overall tendon elongation. No pretension 7j was
applied for all the experiments.

B. Validation of the Tendon Elongation Model

The tendon—sheath was arranged in a half-circle configuration
with a curve angle of 7, and overall length of 50 cm. The motor
was actuated in position control mode, pulling the tendon at a
constant rate of 0.5 mm/s. When the input tension 7}, reached
15 N, the actuation direction of the motor was then reversed
until the starting position. The experimental result of measured
tensions (7}, and T,) and elongations (¢;,, and ) over the
time is shown in Fig. 4.

It is noted that the input tension 7}, experiences a significant
drop before the output tension 7}, starts to reduce. Recall the
formula (6), the reason for such transition is the sign changing of
the direction index (. It is known as the dead zone, for direction
changing of the tendon displacement at the proximal end to be
effectively transmitted to the distal end.

In order to validate the model in describing the elongation
characteristics, a repeated pull-release cycle is presented. Main-
taining the same configuration, with pretension 7y = 0, the
whole actuation process is divided into four distinct phases:
1) Pulling Phase; 2) Pulling to Releasing Phase; 3) Releasing
Phase; and 4) Releasing to Pulling Phase as indicated in Fig. 5.
The output tension Ty, and overall elongation §; against the
input tension 7j, are shown together in Fig. 5. The tendon
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property was measured prior to the experiment: p = 3.16 X
10~* with an SI unit of N~!. By measuring the tension trans-
mission characteristics, from (6), the friction coefficient was
obtained at ;1 = 0.145. Based on these parameters, simulation
results using the proposed model are also plotted in the figure
for comparison.

The results show that the simulation is able to predict the ac-
tual tendon elongation accurately, for all four phases as defined.
Howeyver, it is noted that the results show a nonlinear relation-
ship between the overall elongation and the input tension at the
beginning. Two possible reasons could be used to explain such
observation: 1) as the tendon in the sheath turns from loose
to tight, tendon—sheath contact property, in term of the friction
coefficient p, may change and 2) small position realignment
might occur in the hardware setup to align the direction with the
tension. As a result, the measured tendon elongations have an
offset of about 1.69 mm from the simulation results.

Experiments were also performed to validate the Proposition
1. The TSS were organized in accordance to the setups A and B
as shown in Fig. 2. The experimental measurements and simu-
lations results are plotted in Fig. 6. As anticipated from Propo-
sition 1, little difference could be found in the tension trans-
mission. The same total accumulated curve angle ® resulted in
the same T, /7}, ratio, in both pulling and releasing phases.
However, significant differences could be observed in the ten-
don elongation. The measured tendon elongation from setup A
exceeded the one from setup B by almost 10% (at 0.34 mm).
Since the route configuration of the TSS was purposely planned,
the exact function of the curvature could then be modeled math-
ematically. Thus, simulation based on equation (11) derived in
Theorem 2 was carried out. And the simulation results show
good consistency with the experimental measurements. Same
offset value of 1.69 mm as obtained in previous characteristics
validation experiments was used here, to obviate the negative
effect due to the nonlinearity at the beginning. To avoid this
undesired nonlinearity, it poses necessity for preloading to be
applied, which will be discussed further in Section I'V-B.

C. Experimental Results With Proposed Remedy

To test the remedy, an intentional defined curve with a curve
angle of 3 = 27 and a curvature of K =40 m™! (radius r =
25 mm), was added at the beginning of the configuration. The
rest of the configuration remained the same, while the same
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perturbations were added toward the distal end. Experiments
were carried out to compare between results with and without
remedy under the effect of perturbations, as shown in Fig. 7.

From the results, it can be noted that the tendon transmis-
sions in both cases have been suppressed. It is noted here that
only the pulling phase is of our concern. In order to assess
the results, the ratio between the errors in tendon elongation
due to perturbations with and without remedy are taken. It is
found that the differences between before and after perturbation
with remedy are much smaller than the one without (at 15 N,
0.102 mm and 0.256 mm, respectively), with a ratio of about
0.398. Comparing with the scaling factor equation as derived in
(18), S = e 1P = 0.402, it shows that the tendon elongation
changes due to the perturbations could be scaled down as pre-
dicted with the proposed remedy. Therefore, the overall tendon
elongation is less sensitive to the disturbances caused by the
perturbation.

IV. DiscussION
A. Evaluation of the Tendon Elongation in a TSS

In this paper, we investigated the power transmission model
in a flexible TSS, to comply with arbitrary tendon—sheath route
configurations, as shown in Theorems I and 2. Analysis showed
that the tension transmission ratio depends only on the total
accumulated curve angle ® of the tendon—sheath route, while
the tendon elongation does not only depend on the tensions at
two ends, but is also affected by the curvature function k() of
the route configuration in between. In the proposed elongation
model as in (13), the TSS is considered literally flexible: there
is no restriction on the curvature function, x(¢) could be of any
function. In addition, different from existing work, where they
mainly focus on the tension transmission in the tendon—sheath
system [21], [26], such modeling approach could benefit the
applications that require flexibility in adapting to any further
changes in the configuration. With the elongation model pro-
posed in (13), all the excess curves which are traceable could be
updated in the elongation model adaptively.

In a nutshell, the proposed tendon elongation model shows
the viability to extend the tendon—sheath mechanism to appli-
cations with time-varying flexible configurations. In practice,
initial calibration could be performed to obtain the equivalent
accumulated total curve angle. Then, based on the changes in
the configuration, the elongation model could be updated cor-
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respondingly. For example, in robotic endoscopic surgery, the
configuration changes of the bending endoscope tip could be
monitored and updated in real time [30].

B. Evaluation of the Friction Coefficient

By performing precharacterization to obtain the tendon prop-
erty p, and normal friction coefficient x, the simulation results
based on the proposed model have shown consistency and ac-
curacy in predicting the overall tendon elongation out of the
input tension 7j,. Although the derived model suggests a lin-
ear relationship between the elongation and the input tension,
a nonlinear response could be observed at the beginning of the
loading. This could be due to the complexity of the tribological
behavior between the tendon and sheath. In this study, the fric-
tion coefficient ;1 has been assumed to be constant. In order to
address this nonlinear behavior at the beginning, considerations
over variations in friction coefficient and adhesion conditions
of the tendon upon the internal surface of the sheath might be
needed.

Such changes in the friction coefficient would be too complex
to be modeled. Despite the nonlinear behavior at the beginning,
it is noted that for all cases studied in this paper (with and
without remedy), the elongation-tension relationship would be
in accordance with the simulation results once the input tension
Ti, reached to4 N. Therefore, itis suggested to apply preloading
to avoid the nonlinear effect at the beginning; then the equivalent
friction coefficient ;s could be assumed to be constant; thereafter,
the overall tendon elongation could be predicted by the proposed
model in (11).

C. Evaluation of the Proposed Remedy

The effects of the perturbation were examined by experi-
ments. The results showed that without proper constraint, the
modeling error caused by perturbations could be quite signifi-
cant (up to 6.8% without preloading). Therefore, such a distur-
bance in elongation modeling needs to be addressed.

As suggested in Theorem 3, the scaling factor .S, could be
designed and predetermined. It is affected by the friction co-
efficient u, and the curve angle 5 of the added curve at the
beginning. The relation is as shown in Fig. 8. The value of
S reduces as the curve angle 3 increases. And the larger the
equivalent average friction coefficient p is, the more efficient
the reduction in S will be. However, this remedy also comes
with a cost of sacrificing the tension transmission efficiency.
At lower tension transmission rate, there will be higher tension
losses. Therefore, the curve angle § and the friction coefficient
1 should be selected appropriately. Although the curvature K
does not affect the tension transmission, it would contribute to
the total tendon elongation. It is to be noted that the curvature
K should not be too large. Otherwise it may cause the tendon—
sheath contact properties of the added curve to be different from
the remaining part; this would violate the assumption of uniform
friction coefficient i throughout the entire length.

In a nutshell, the introduced scaling factor could provide
a guideline in determining these parameters when designing
the system. Subject to the requirements in the real scenario,
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Value of Scaling Factor S

n 2n 3n
Curve Angle B

Fig. 8. Ratio of the scaling factor S against curve angle (3, with respect to
different friction coefficient .

we could choose the materials and characteristics of the added
curve correspondingly. Although the remedy may change the
transmission characteristics, its effects on the tension transmis-
sion and tendon elongation could be obtained by precalibration
since the introduced curve is predefined and fixed. Thereafter,
the models could still be used in the estimation and compensa-
tion of the tendon elongation. The purpose of the remedy is to
minimize the effect of unknown perturbations. In such a manner,
with the derived elongation model and the proposed remedy, the
position error caused by tendon elongation could be effectively
compensated.

V. CONCLUSION AND FUTURE WORK

In this paper, we investigated the tendon elongation in a flex-
ible tendon—sheath system. Models for both tension transmis-
sion and tendon elongation were proposed and concluded in
theorems. In order to analyze the flexibility and time-varying
feature of TSS configuration, the concept of accumulated curve
angle is used. And it is found that the overall tendon elonga-
tion would be affected not only by the accumulated curve angle
as the tension transmission, but also by the route configuration
of the tendon—sheath, as concluded in Proposition 1. Then, we
proposed a remedy by intentionally introducing a curve at the
proximal end to enhance the system tolerance against any po-
tential unmodeled perturbations along the route. Guidelines on
how to design the added curve were presented in the discus-
sion. Experiments were designed and performed to validate the
proposed model and remedy.

This study lays the foundation for achieving accurate position
control for any robotic system employing TSS as power trans-
mission. The proposed model requires no sensory feedback from
the distal end, but still can provide commensurable estimation
accuracy by monitoring the consequential changes in the con-
figuration after the initial calibration. Even in the presence of
perturbations, the proposed remedy is still able to suppress the
error into a predefined range. It is expected that the promising
results could lead advancement in the development of compact
and lightweight robotic system in different applications.
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