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Abstract— Tendon sheath actuation can be found in many
applications, particularly in robotic hand and surgical robots.
Due to friction between the tendon and sheath, many undesirable
characteristic such as backlash, hysteresis and non-linearity are
present. It is desirable to know the end effector force and
elongation of the tendon to control the system effectively, but it is
not always feasible to fix sensors at the end effector. A method to
estimate the end effector parameters using only a force and
position sensor at the proximal site is given. An analytical study
is presented and experiments are reported to support the result,
showing a max full scale error of approximately 7%. This result
is achieved if the shape of the sheath remains the same and
buckling is negligible. The results presented in this study could
contribute towards haptic development in robotics surgery.

Index Terms—Tendon sheath, cable actuation, surgical robots.

I. INTRODUCTION

Tendon sheath system generally consists of a hollow helical
coil wire, acting as a sheath, and an internal cable, that

acts as the tendon. When the tendon is pulled at one end,
it slides within the sheath, thereby allowing the pulling force
to be transmitted to the other end of the sheath. A common
example of the tendon sheath actuation is Bowden cable or
bicycle brakes. This mode of actuation is useful when it is
desired to provide force through a flexible route of
transmission and taking up very little space and mass at the
end effector. Due to these reasons, tendon sheath actuation has
found its way into many applications such as robotic hands
and surgical robots [1, 2, 3, 4, 5].

The tendon sheath system however gives out problems such
as non-linearity and high friction. Furthermore, it introduces
dead zone, hysteresis and direction dependent behavior that is
not desirable for control and sensing [6]. Therefore, it is
desired to determine both the force output and the elongation
of the tendon sheath system to control the end effector
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properly. This could enable torque control, force feedback and
closed loop positioning. Some studies of tendon sheath
actuation on robotic arms managed to achieve joint torque
control by introducing sensors at the end effector [7].

However, in the case of robotic system for Natural Orifice
Transluminal Endoscopic Surgery (NOTES) [4, 5], placing
multiple sensors at the end effector is difficult due to size
constraints and high dexterity requirements. For NOTES
procedures, the instrument accesses the human body through a
natural orifice, i.e. mouth, vagina, or anus. Then it must incise
a small hole inside the interior lumen to reach the target site,
where the surgery is performed. The endoluminal access
prevents scars on the patient’s body, thus minimizing the
recovery time and hospitalization. Desirable features for
NOTES robotic instrumentation are bimanual operation,
dexterity, and reduced size. Considering the solutions reported
in [4, 5], each arm should have more than three Degrees of
Freedom (DOFS), an outer diameter of less than 7 mm, and a
flexible body. Providing the end effector with sensors would
reduce the range of movement, robustness and force output.
Furthermore, the sensors would need to be sterilized prior the
surgical intervention, thus introducing a further issue to be
considered. The sensors also have to be inert to the different
fluids inside the human body to obtain accurate readings.

As such, a novel means of predicting force and elongation
of the tendon sheath system at the end effector of an
instrument is proposed. The studies made on tendon sheath
actuation and the theory behind its application is presented.
An experimental approach has been followed and the result for
a typical trial is presented. The limitations and possible means
to reduce errors are described in the discussion followed by a
conclusion at the end of the paper.

II. TENDON SHEATH ANALYSIS

In the following, the sheath is assumed to be bent with a
constant radius of curvature as seen in Figure 1. In our model
u is the friction coefficient between the sheath and the tendon,
N is the normal force the sheath is exerting on the tendon in
this unit length, 7 is the tension of the tendon, C is the
compression force experienced by the sheath, T}, is the tension
at one end of the sheath, R is the bending radius of the tendon,
x is the longitudinal coordinate from the housing end of the
sheath to the present location, F is the friction between the
tendon and the sheath in this unit length. To simplify our
model, x4 can be assumed as the dynamic friction when the
tendon is moving within the sheaths and it is a constant.
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Figure 1: Modeling of a small section dx of a tendon and sheath

Using the force balance equations on the tendon for a small
section dx, corresponding to the angle da, we have [6]
T do=-N, da=dx/R, F=uN and dT=F
thus obtaining

ar _ _Hp
dx R
K,
T(x)=T,e * (1)

Next, the force balance equation is applied on the sheath.
Forces N and F for the tendon are equal and opposite to the
forces N and F of the sheath since they are reacting against
each other. Since the tendon thickness is close to the inner
diameter of the sheath and the segment of tendon sheath is
significantly small, the angle of both tendon and sheath is
assumed to be the same. Therefore we have

C=-T, dC=-dT 2)

The compressive force measured at the proximal end of the
sheath is the same as the tension measured from the tendon at
the same end. This result is easily verified by experiments.

The theory presented so far applies only to sheath and
tendon with a fixed curvature throughout its length, as shown
in Figure 2(i). In general, the sheaths are free to move and the
curvature is different throughout the whole length, as shown in
Figure 2(ii). This is modeled as a sheath having n sections,
each having a different radius of curvature R; to R, and a
displacement of x; to x, from the housing. In this case equation
(1) becomes

H 7&(

T()=T, e "™ *

X5-X; )»...*RL(XH.]'XH-Z %Rﬁ(X'Xn-z )
n-1 n

(Xn-1<X<X) 3
To predict the tension at the end of the sheath, expression
(3) can be simplified as

-K
T,.=T,e @)
where K:/u ﬁ_{_XZ-XI .”_i_Xn-Xn-]
R, R, R,

represents the effective friction between the tendon and
sheath. It is important to note that, if the sheath does not
change its shape, K is a constant. It is impossible to determine
x; and R;, but there is a way to make use of this equation as
described in the following.

"\ i /"
Length=L
Sheath having same
bending radius
(i)

- =%
X,
R 3

Sheath having different bending radius
each with different length

(ii)

Figure 2: Simplified model of the sheath compared with a generic sheath

Another relevant parameter is the elongation of the tendon
and sheath system under a certain force. The study is initially
applied to a sheath with a fixed bending radius applying it to a
generic sheath. Using e as the tendon elongation and £ as the
combined stiffness of the tendon and sheath, we have

T(x
o T
E ©)
where the tendon tension varies with x. To obtain the total

elongation, equation (5) must be integrated over the length of
the tendon sheath system, thus obtaining

1, A
e[otal al— 711'116 K dX
£ ©)
This is actually the area under the graph of the tension
distribution 7" divided over the constant E. The analytical

solution is

T R ~£x
etotal = 27. 1 -e k
a @
Another expression is
R
etotal = E_ (7;11 - Tout )
®)

T,.. is the tension experienced by the tendon at the end
effector. This result is slightly different from the other works
reported in literature [6, 7] for two main reasons. First,
pretension is not required. Second, it does not make the
assumption that the force is evenly distributed within the
sheath. When the system is used, it starts with zero or low
pretension. In this case, two actuators are used to control one
DOF instead of the traditional one actuator per DOF. This also
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simplifies the modeling of the problem, since only one tendon
undergoes a tension at any given time.

The above derivation is used when both the tendon and
sheath have a constant bending radius. If the sheath is modeled
as having n sections, each having a different radius of
curvature R; to R, and each having a displacement of x; to x,, ,
then

R
eo] :E_1(711'11 _7:7])
7
T R s
e, =—"1l1-ek
Eu

(x=x1) ©)]
Where e,; is the elongation at x=x; and T,; is the tension at
x=x,. Similarly

Bu| o r
R,e Ri 1-e ™ o (x=x2)
R|1-e " |+
total E,u . _ﬂ; (x;- :ZFZ) e
ZR, " l-e %
(. =2 -
(x=X,) (10)
etata/ :MeTin (11)
Where
R|l-e B4
1
Me :E_ i (xX;5—=X,5)
ﬂ n _ﬂle 7#"1'*1::'—1
R l-e ™
i=2

M, represents the effective elongation constant of the tendon
sheath system. It is a constant if the shape of the tendon and
sheath remains the same.

The relationship of K and M, with T}, is expressed in Figure
3. The full line curve represents the actual tension distribution
for a generic sheath at 7;,. The dotted line represents the
approximate solution coming from equation (4) as
displacement x increases. The value of M, is proportional to
the area under the straight line curve and it is an indication of
sheath deformation. In the experimental setup section, the
approach to find K and M, is discussed in detail. It should be
noted that just the approximated values for the force at the two
ends are relevant for control.

Straight Line is actual tension
distribution within generic

\ 1 1
A\ Sledati’>

N Dotted Line is approximated
\\\ tension distribution

-~

Force

’

M is proportional to
area under M_

Displacement x increase
Figure 3: Graphical representation of M, and K

By approximating the original curvature to the one
characterized by K, the relationship between M, and K can be
retrieved by evaluating the area underneath Tj,e™ multiplied

by I/E,
M7, =l (1 ex)

e i EK (12)
o= ME g
L (13)

It is seen that M, and K are dependent on each other and
the value of M, is enough to approximate K and vice versa. £
is the Young’s modulus or stiffness of the tendon and
therefore is the same regardless of the shape. There is no
readily available solution for equation (13) and numerical
methods, such as Newton-Raphson or the Golden Section
method have to be used.

However, this result is relevant only when the system
undergoes a pulling phase. In the case the tendon is just
released after being pulled, the system does not immediately
go into the release phase. It undergoes a transitional phase
from pulling to releasing.

|
|
|
\
X L
Displacement from housing end
Figure 4: Gradually reducing T;, and the tension distribution within the
sheath

Figure 4 shows the tension distribution within the sheath as
the housing force is gradually reduced. The first effect of a
decrease in Tj, is a reduction of the tension within the sheath,
while the tension at the end effector is not affected. Let X~ be
the distance from the proximal end where the highest amount
of tension within the sheath. As 7, decreases, X’ moves
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further from the proximal end and closer to the end effector.
Only when X’ reaches the end of the sheath, then T, starts to
decrease. This is the so called “backlash” of the tendon sheath
system.

During the transitional phase, T,, remains constant until
T;, reduces to T;,s5, as shown in Figure 4. Therefore

. -K
Tout - inﬂe

(14)
where Tj, is the highest value of the tension recorded at the
housing before it starts to loosen.

Differently from tension, the elongation varies during the
transitional period. The area under the tension distribution
curve is proportional to the elongation of the tendon and
sheath and it undergoes relevant variations. This change in the
area is observed under the shaded graph of Figure 4.

The elongation of the tendon during the transitional phase
is derived in two steps. First, the displacement X is calculated.
The second step is to evaluate the elongation under the shaded
areas 4 and B of the curve. To perform this step, we take
advantage from the curvature approximated by K.

Using L as the length of the whole sheath,

7-'1'116' = 711'1106 (15)
T
Xr — i] in0
2K T,

(16)

When X’=L, T;,=T,,cX is the force that the tension at the
housing side has to release before 7,,, reduces. This value can
be calculated and used online in order to infer if the system is
still working within the backlash region.

Now a way to calculate the elongation coming from area A
of Figure 4 is presented. Using A be the area underneath the
tension distribution from x=0 to x=X",

X' —EX
AnmA=Lesz

Ky

L
AreaA=—|1-e *
K
A7)
Similar to the derivation of equation (6), the elongation under
Area A is given by the area of the curve multiplied by the
highest tension in A, divided by E. In this case, the highest
K
~x
tension within A is 7, e* The resulting equation
becomes

T, Let «
_Le -=x
e,~x—"—|1-e*
EK
(18)
The elongation caused by area B is proportional to the area
under the curve from x=X"to x=L.

K. .
AmwB=£—1—eLuX)
K

Ky X
T,Le" K1
e, r——|1-e ( J
EK
19)
The combined elongation for the two areas become
2KX’
T L Ky [—lm—j
etota]zL Zet —-1-e ¢
EK
20)
. . r L n0o . .
By substituting X = ﬁln— into the equation above,

in
we obtain

L K
etota] ~ EK( 7;'”07-}” _7-;'17 _7‘1’1)06 )
1)
Deriving it in a similar fashion, the force approximation

when the system is at the releasing phase is

K
Tout = 7;'1106 (22)
while the elongation is
K
eout = MT}HE' (23)

and the force prediction at the transitional phase from
release to pull is

-K
Tout = Tinﬁe (24)
Finally, the elongation during the transitional phase from

release to pull is

ex 1, - 21,7, +T, "]

III. EXPERIMENTAL SETUP

(25)

In order to verify the theoretical aspects derived in the
previous section as well as to determine the accuracy of the
estimation, the experimental setup shown in Figure 5 is used.

Similar to robotic manipulator

Tendons

rotary encoder

tendon

End Effector

Housing

Figure 5: A schematic representation of the experimental setup

At the housing, or proximal end, two Faulhaber
2642W024CR DC servomotors with a gear head of 30/1S
134:1 ratio are fixed. The two tendons for controlling one
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DOF are fixed to the two actuators separately. These actuators
are set to position control and each of them takes advantage
from a rotary optical encoder HEDS-5540 A14 to measure the
angular rotation. The combined resolution of the encoder with
the gear head is 67000 lines per revolution. At the end effector
side, or distal end, another actuator is used under torque
control. Its main purpose is to simulate the load that the end
effector exerts on the environment. It also has the same rotary
encoder attached to the actuator to measure the amount of
movement made by the system. In the middle, two tendons
and sheaths are used together with an overtube to prevent the
buckling effect. The forces at both ends of the system are
measured with donut shaped load cells LW-1020 from
Interface. Although they measure the compression
experienced by the sheaths instead of the tension from the
tendons, the results are similar to measuring the tension force
at the same end, as shown in equation (2). The elastic modulus
of the tendons is known beforehand either from the supplier or
measured with a simple stiffness test.

The rationale of using two actuators for a single DOF is to
ensure only one tendon is providing a tension at a given time
while the antagonistic tendon is left loose. This provides the
highest possible force from the tendon, since it does not have
to work against the other taut antagonistic tendon.

After the end effector reaches the site where it is designated
to work, the global shapes of the tendon and sheath are fixed.
The experimental procedure then proceeds as follows. First, it
is necessary to determine the values of K and M, for this
particular shape of the sheaths. To do so, initialization is
required. The actuator at one end of the DOF pulls one end of
the tendon until the slave reaches the end of its motion. This is
the point where further pulling of the tendon at one side of the
joint does not change the rotation angle, as shown in Figure 6.
Regarding the actuator at the other side of the DOF, it must
minimize the pulling force to prevent interference with the
initialization procedure. This is possible since it is controlled
by a separate actuator and it reads the load cell on its side, thus
deciding either to pull or release the tendon accordingly.

Even when the joint at the distal end reaches the limit of its
motion, the actuator at the pulling side still continues to pull in
the tendon at the proximal end. At this point in time, the
reading of the force at the proximal loadcell start to increases
as the tendon pulls harder and harder at the joint that has
reached its motion limit. Therefore the system knows when
the joint had reached its motion limit without the need of an
encoder. This length that is pulled from the proximal actuator
with its encoder at this point is the amount of deformation of
the tendon within the sheath and e,, can be known. Using
equation (11),

in

ey 1S obtained from the encoder reading, while T}, is the
force obtained from the load cell of the pulling side at the
proximal end. The value of M, is derived from the process of
initialization, while K is obtained from equation (12).

Position where tendon is connected

tojoints,

Red wire: Pulling wire
Blue wire : Loosening wire

Joint
Fin
Shortest distance from
POSIILI’DI" where paint where tendon is
llr." on '-'!i: connected to exit point
O stan from stand
Stand Stand

Initialized Position

Limit Position
Figure 6: Limit of motion for a simple revolute joint

With these two values, the elongation and force at the distal
end could be approximated, since both elongation and force at
the distal end are a simple function of 7;,. This is repeated for
the opposite direction of the DOF as well to capture the
specific value of My and K. During initialization, the user must
not let the end effector touches any object in the environment.
After initialization, the user can start to use the master slave
robotic system as desired and both the end effector force and
the elongation is computed using the derived K and M, values.

An assumption is made regarding the use of constant values
for K and M,. After the system has reached the target site, the
user no longer moves the sheaths around and the shape of the
sheaths is assumed to be fixed. In this condition, constant
values for K and M, can be used with negligible position and
force errors. In the case the user needs to change the system
position, then the robotic system require a quick initialization
to compute the new values for K and M, before it is used.

IV. EXPERIMENTAL RESULT

First of all, the setup is initialized to obtain K and M,. The
experiment is then performed with three profiles as shown in
Figure 7. In the first profile, the actuator pulls the tendon untill
it reaches a limited force of approximately 20N on the
housing. In the second phase, the tendon is released at the
housing to about 5N, while in the third phase, the tendon is
pulled again back to 20N. These last two steps test the pull-to-
release, release, release-to-pull and pulling phases and check
the approximation level with the actual reading. In Figure 7,
the curves on the left are the readings from the housing load
cell while the dotted curves on the right are the readings from
the end effector load cell.

The comparison of the end effector force with the predicted
force is shown in Figure 8. The results are broken up into three
phases. The graphs on the left are the plots of actual vs.
predicted end effector force, while the graphs on the right are
the actual vs. predicted elongation plots. The continuous lines
in full are the actual sensed values, while the dotted lines are
the predicted values.

For this experiment, the maximum full scale error is
approximately 7%, while for the elongation, it is
approximately 3%. The higher error in the force reading is due
to the fact that the value of M, is found and then used to
deduce K. Overall the average full scale error is less than 2%.
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V. DISCUSSION

Although this method is capable of sensing both the
elongation and end effector force, it can be used only in the
case where there is little or no change in the sheath shape after
initialization. The greater the shape of the sheath changes, the
worse the estimation becomes. If a great change of the shape
of the sheath is suspected, it is recommended to reinitialize the
system again to obtain updated values for M, and K. If the
application force on the sheath wundergoes regular
displacements, then this method should not be used. However,
if the application is not critical and does not require high
accuracy, then small changes in the shape of the sheaths
during usage can be tolerated.

The force predicted at the end effector is already the
combined force the joint experienced. Therefore, it can
directly be scaled to the master controller without the need of
any further calculation or conversion.

This method can also be used for predicting the end effector

parameters for any robotic arm having relatively constant
sheath shapes. This offers an additional advantage of locating
the sensors away from the end effector. This can reduce the
inertia of the end effector and allow the hand to work in
extreme environmental conditions, whereby sensors at the end
effector would fail.

VI. CONCLUSIONS

The mathematical modeling of the tendon and sheath for the

force at the end of the sheath, as well as overall elongation, are
described in the paper. Using the analytical approach,
important values such as K and M, for predicting end effector

force and elongation are identified. The method to find these

values is explained and the results are verified experimentally.
Using this method, the end effector force and elongation is
predicted without a sensor attached. The required assumptions
and important considerations to take note of are also given in
the discussion section.
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