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A Novel Friction Measuring Method and Its
Application to Improve the Static Modeling Accuracy

of Cable-Driven Continuum Manipulators
Yicheng Dai , Sheng Wang , Xin Wang , and Han Yuan , Member, IEEE

Abstract—Cable-driven continuum manipulators exhibit high
flexibility and dexterity, leading to their increased popularity in
recent years. Friction analysis is a crucial problem for these ma-
nipulators. Previous research has introduced friction models that
are applicable to dynamic states where the direction of friction can
be ascertained. However, in static states, the direction of internal
friction remains undetermined. Additionally, previous studies have
investigated the friction law within a single cable hole. However, as
multiple cable holes exist along the manipulator, friction should
be considered as a series of forces and examined across multiple
cable holes. Measuring internal friction presents a challenge due
to the unique structure of the manipulator. To our knowledge, no
state-of-the-art research has studied how to measure the friction
along the entire manipulator. In this letter, we propose a novel
friction measuring method based on fiber Bragg grating (FBG)
sensors. Experimental results show that the friction distribution
can be fully measured. We apply this method to a static model and
shape estimation experiments demonstrate that the accuracy of the
static model is significantly improved, particularly when the fric-
tion has inconsistent directions. Our proposed friction measuring
method provides a valuable approach for mechanics analysis of
cable-driven continuum manipulators.

Index Terms—Cable-driven continuum manipulator, friction
measuring, fiber Bragg grating (FBG) sensors.

I. INTRODUCTION

CONTINUUM robots are characterized by their ability to
bend and deform along their entire length, emulating the

biological structures of snakes, elephant trunks, and octopus
tentacles [1], [2]. They have been found applications in vari-
ous fields, including invasive surgery [3], gas turbine engine
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maintenance [4] etc. Despite the advantage of low inertia of
the manipulator’s arm, the special actuation mechanisms, where
actuators are located away from the end-effectors, bring inherent
uncertainties due to backlash effects, compliance, and friction in
the actuation lines [5]. These uncertainties can limit the precision
of the manipulators.

Many studies on cable-driven continuum manipulators have
assumed that the transmission of force from motor torques to
remote links is lossless [6]. For example, a classic model for the
statics and dynamics of continuum manipulators was proposed
based on the Cosserat-rod and Cosserat-string models [7], but
the friction in the interaction between the cables and the channel
was neglected. While establishing the analytic formulation for
shape restoration of a multi-backbone continuum robot based
on elliptic integrals [8], the author assumed that the friction
could be ignored. In the workspace analysis of a continuum
robot using a static model, the friction was also ignored [9].
Although some research has used lubricating grease to minimize
friction between driving cables and disks, this method is not
long-lasting as the cable moves back and forth, causing lubri-
cation to disappear and friction to dramatically increase [10].
Low-friction materials can also be used to minimize friction, but
frictional forces are expected to increase as the curvature of the
manipulator increases due to larger normal forces. Therefore, the
neglect of the internal friction between the cables and the disks
in these methods will lead to discrepancies and errors between
the theoretical results and the experimental results.

In fact, internal friction between cables and disks is the main
interference force for tensions [11]. As such, studying friction
is crucial for improving the control accuracy and precision of
continuum manipulators, which is particularly important for
applications such as surgeries where precision is critical. Some
researchers have developed friction models to estimate the fric-
tion between driving cables and cable holes. For example, an
analytical model based on Coulomb friction was developed to
describe the influence of frictional effects between the driving
cable and its conduit [12]. This model departed from the constant
tension assumption used in existing models and predicted the
tension distribution along the driving cable. In [13], a velocity-
based friction model was used to describe the sliding friction
behavior and the direction of friction was determined by the
cable length change. In establishing the dynamics of a continuum
manipulator, cable-disk friction was analyzed using a continuous
saturated viscous friction model, which accurately represented
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dynamic sliding friction when the cable slides [14]. The same
method was used to analyze the friction existing in the cable-disk
contact area in [15]. However, all these friction analyses are
based on the condition that the direction of friction is known
to be opposite to the direction of cable sliding. However, when
a continuum manipulator changes from a dynamic state to a
static state [16], or the manipulator reaches static equilibrium
after being disturbed, the static friction in each cable hole is
unable to be determined. Moreover, the friction law is usually
studied in a single cable hole and then applied to the entire
manipulator. In a general cable-driven continuum manipulator,
there are multiple disks and cable holes, meaning that friction
is a series of forces, each affected by adjacent cable tension
and bending angle. Although there are friction models that can
evaluate the friction in multiple holes [10], [17], [18], the true
value is unknown and the friction models have yet to be verified
by experiments. Moreover, in some situations, cable tension may
be small. Then the maximum static friction may exceed cable
tension and become the dominant force in certain segments. This
can lead to an indeterminate and inconsistent direction of friction
along the entire cable. However, existing friction models fail to
account for situations where friction directions are inconsistent,
resulting in a significant discrepancy between real friction and
friction model predictions.

The main challenge in characterizing friction accurately is
that friction in each cable hole is unknown and difficult to
measure [19]. Some researchers have suggested the use of
sensors to measure the cable tension. However, these techniques
are confined to measuring the tension at either the starting or
terminal position of the cable [20], [21]. They remain incapable
of obtaining the internal friction within the continuum manipu-
lator. To our knowledge, no existing literature systematically
addresses the measurement of friction distribution along the
entire driving cable of continuum manipulators. To address
this problem, we propose a novel friction measuring method
based on FBG sensors, allowing for the determination of friction
distribution along the entire manipulator. FBG sensor is a type
of sensor that can reflect light of a specific wavelength and it is
sensitive to changes in mechanical strain or ambient tempera-
ture, which leads to the change of the reflected wavelength [22].
This feature enables the FBG sensors the ability to measure
forces, and their force-sensing ability has been verified with
high-sensitivity and precision [23]. By using the optical fiber
to actuate the continuum manipulator, the FBG sensors can
measure the force at the proximal end of the manipulator [20].
A single FBG-based sensor prototype was developed to sense
the axial force to help predict the cardiac perforation [24]. The
triaxial force-sensing was also studied and accomplished [25].
Other FBG-based methods have also been developed such as es-
timating the shape or the tip end of continuum manipulators [26],
detecting high frequency ultrasound fields [27], or monitoring
blood pressure [28]. The wide range of applications of FBGs
demonstrates their advantage in measurement.

In this paper, the FBG sensors are used to measure the internal
friction in the continuum manipulator. To our knowledge, this
is the first study to integrate the optic fiber wire with multi-
ple FBG sensors to measure the friction distribution along the

entire driving cable of continuum manipulators. By calibrating
the relationship between wavelength changes and forces, FBG
sensors can be used as force sensors. While most force sensors
measure force at one point only, FBG sensors can provide force
measurements of different points using only one probe due
to their multiplexing capability. With the dedicated design of
the fiber wire, the series of friction along the entire driving
cable can be measured by FBG sensors. Taking the optical fiber
wire as the driving cable, cable tension in each segment can
be obtained, allowing for the obtaining of friction distribution.
Furthermore, we apply the friction measuring method to improve
the static model and conduct a comparison of shape estimation
performance between the methods based on a static model with
different friction considerations. Results show that the static
model applying the friction measuring method, has the best
accuracy. In summary, the proposed friction distribution measur-
ing method addresses a key research challenge for cable-driven
continuum manipulators. The main contributions of this paper
are as follows:
� A novel method for accurately measuring the friction dis-

tribution along the entire cable of cable-driven continuum
manipulators is proposed.

� By applying the proposed friction measuring method, we
improve the static modeling accuracy.

� Experimental results indicate that the friction exists in each
cable hole could be different, particularly when the cable
tension is small.

The rest of this paper is as follows. In Section II, the FBG-
based friction measuring method is presented. In Section III, a
planar continuum manipulator prototype is fabricated and the
friction measuring experiment is carried out. In Section IV,
the proposed friction measuring method is applied to improve
the accuracy of the static model. Shape estimation experiments
with different friction conditions were conducted to gauge the
accuracy of static models with different friction considerations.
Finally, conclusions are made in Section V.

II. FBG-BASED FRICTION MEASURING METHOD

FBGs are intrinsic fiber elements in photosensitive fibers,
in which Bragg diffraction can cause one wavelength to be
selectively reflected. According to the theory of fiber-coupled
modes [29], [30], the reflected wavelength can be written as:

λB = 2neffΛ (1)

where Λ is the natural period of the grating, neff is the effective
index of refraction of the guided mode. The strain and tempera-
ture are the most direct and main factors that affect Λ and neff .
The change of wavelength can be expressed as:

ΔλB = λB · [(1− Pe) · ε+ (αΛ + αn) ·ΔT ] (2)

where Pe is the effective elasticity coefficient of the grating. αΛ

and αn are the thermal expansion coefficient and thermo-optic
coefficient. ΔT is the change of temperature. ε is the strain
of FBG. It should be noted that the experiments in this paper
are carried out in an environment with a constant temperature.
Therefore the change of the wavelength ΔλB is only affected
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Fig. 1. Illustration of the FBG-based friction distribution measurement.

by the strain. Equation 2 can be written as:

ΔλB = λB · [(1− Pe) · ε] (3)

According to (3), the strain shows a linear relationship with
respect to the change of wavelength. Furthermore, the strain is
related to the mechanical property of the FBG wire. As a result,
the force applied to the FBG can be expressed as:

T =
ΔλB

λB · (1− Pe)
· Ef ·Af (4)

where T is the tension at the Bragg grating, Ef is the Young’s
modulus of the optical fiber, and Af is the cross-section area of
the optical fiber wire. The above equation can be simplified as:

T = f(ΔλB) (5)

To measure friction distribution along the entire manipulator,
the fiber wire should be used as the driving cable, with an FBG
in each segment of the manipulator to measure the wavelength
and cable tension. The layout of the FBGs on a continuum
manipulator is shown in Fig. 1. When the manipulator deflects,
the FBG will not pass through cable holes and each FBG only
moves within its original segment. The largest displacement
Dmax occurs in the grid near the base. It can be approximately
expressed as:

Dmax = θ · r (6)

where θ is the bending angle of the planar manipulator and r
is the radius of the distribution circle of cable holes. In this
paper, the maximum bending angle is 114.6◦. Through the
dedicated design, the wavelength change ΔλB corresponds to
each segment of fiber wire can be obtained. After knowing the
function f in (5) of each FBG, the cable tension of each segment
can be known and then the friction distribution can be obtained.

III. FRICTION DISTRIBUTION MEASURING EXPERIMENT

A. Experimental Setup

A planar continuum manipulator prototype is fabricated to
illustrate the methodology, as shown in Fig. 2. An optical
fiber wire is used as the driving cable (FBGs, Jinan Dahui
Photoelectric Technology Shandong, China). The wavelengths
of different FBGs are recorded by a demodulator (HG-FBG,
Tianjin Huigan Optoelectric Technology Tianjin, China). More
demodulation details can be found in [31]. The prototype is
actuated by standard weights which are connected to the optical
fiber wire. The optical fiber is made using the thermal drawing
process, which simultaneously writes the grating and coats the
fiber during the fiber draw, ensuring a high strength. Its strength

Fig. 2. Experimental setup.

Fig. 3. Calibration process of FBG sensors.

can be further augmented by reinforcing its core [23]. In this
paper, the diameter of the cable hole is 0.8 mm. The optical fiber
wire is 0.5 mm and the tested load capacity is 4 N. The prototype
has 8 disks, each with a thickness of 2 mm. The distance between
each two disks is 35 mm, and there is an FBG to measure the
tension of the cable. The central backbone is made of steel sheet,
with a thickness of 0.3 mm and a width of 6 mm. The diameter
of the distribution circle of the cable holes on the disk is 30 mm.

B. The Calibration of FBG Sensors

When measuring the friction distribution using FBG sensors,
the relationship between force and wavelength change must first
be obtained. For the experimental prototype, there are 8 disks.
Hence, the number of the FBG should also be 8. The optical
fiber wire is connected to standard weights and the wavelength
is recorded. The external load varies from 20 g to 200 g, with an
interval of 20 g. The calibration process is shown in Fig. 3 and
the results are shown in Fig. 4

Based on (5), the linear fitting function is used to demonstrate
the mapping from wavelength to cable tension. It can be written
as:

Ti = ai ·Δλi + bi (7)

where i represents the ith FBG. ai and bi are the parameters of
the linear fitting function of the ith FBG. In the fitting process,
the least squares method is used to minimize approximation
error. After knowing the function of each FBG, forces can be
obtained based on the measured wavelength. As shown in Fig. 5,
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Fig. 4. Calibration of force and wavelength change of FBG sensors.

Fig. 5. Force calibration errors of FBG sensors.

the maximum force calibration error of the FBG sensors is no
more than 1%, indicating that FBG sensors can be used as force
sensors with high precision. This enables the high-precision
measurement of internal friction.

C. The Friction Distribution Measurement

In this experiment, the continuum manipulator deflects at
different angles, as shown in Fig. 6. The wavelengths of different
FBGs are obtained by the demodulator. Based on (7), the cable
tension of different segments is obtained. Then the friction in
each cable hole is calculated by obtaining the difference between
each two adjacent cable tension. The friction values are shown
in Fig. 7. As can be seen, the internal friction varies in different
cable holes and bending shapes. It is worth noting that there are
both negative and positive friction values. This result shows that

Fig. 6. Different shapes of a continuum manipulator.

Fig. 7. Friction of different cable holes and shapes.

in some bending shapes (shapes 5, 6, 7, 8, 9), the friction in
the manipulator has consistent directions while in other bending
shapes (shapes 1, 2, 3, 4), the friction has inconsistent directions.

As we can see in Fig. 6, the bending angles of the first 4 shapes
are small, while the bending angles are big for the last 5 shapes.
Results indicate that the inconsistency of friction usually occurs
when the bending angle of the continuum manipulator is small.
When the manipulator is in large deflection, where the resistance
force of the central backbone is big, friction in the system has a
consistent direction.

IV. APPLICATION IN IMPROVING THE ACCURACY OF

STATIC MODEL

For cable-driven continuum manipulators, precise control is
closely related to the tension transmission of the cable, and
cable-disk friction has a significant impact on this process.
Hence, knowing the real friction can improve the accuracy of
the static model. In this section, the static modeling process will
be recalled and the shape estimation performance will be used
to evaluate the model accuracy. Three shape estimation methods
are applied, including the static model without considering
friction, the static model with friction model, and the static model
with friction measuring method. It should be noted that friction
models usually work effectively in a dynamic state, where the
direction of the friction can be determined. However, in a static
state, the direction cannot be determined and the accuracy of
the friction model has yet to be verified. Comparisons of the
shape estimation performance between these three methods will
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Fig. 8. ith segment of the continuum manipulator.

be conducted in conditions with friction in either the same or
different directions.

A. Recall of Static Modeling

In this part, the static modeling process is recalled according
to our previous study [10]. In this model, each segment of
the manipulator is assumed to be a constant curvature arc and
the relative deformation complies with Euler-Bernoulli beam
theory. As shown in Fig. 8, the transformation from the (i− 1)th

unit Ri can be expressed as Ri−1TRi
. Then the homogeneous

transformation matrix from any local frame Rk (0 < k ≤ m) to
the base frame R0 can be written as:

R0TRk
=

k∏

i=1

Ri−1TRi
(8)

Under the effect of cable tension Fai
and Fbi , the gravity

of the spacers and central backbone GRi−1

di
and GRi−1

si
, and

the resultant force FRi−1

i at point Oi−1, the segment reaches
equilibrium. The equations can be written as:

FRi−1

i−1 = FRi−1
ai

+ FRi−1

bi
−GRi−1

di
+GRi−1

si
+ FRi−1

i (9)

Mi−1 = Mai
+Mbi +Mdi

+Msi +Mi +MFi
(10)

where Mai
, Mbi , Mdi

, and Msi are the moments respectively
caused by the cable tensions and the gravity of the spacer and
the backbone. Mi is the resultant moment at point Oi−1; MFi

is the moment by the force FRi−1

i .
It should be noted that, for the first method: static model

without considering friction, like previous studies [7], [9], the
cable tension is constant, i.e., FRi−1

ai
= FRi−1

ai+1
. However, for

the second method: the static model with friction model, the
coulomb friction model is employed to calculate the friction.
Then the cable tension and the friction can be calculated as
follows:

FRi−1
ai

= FRi−1
ai+1

± FRi−1

fai
(11)

FRi−1

Nai
= FRi−1

ai
+ FRi−1

ai+1
(12)

FRi−1

fai
= μ · FRi−1

Nai
(13)

where μ is the friction coefficient; FNai
is the normal force

generated by the two adjacent cable segments. More details can
be found in [10].

For the third method: the static model with measured friction,
the real friction value is obtained based on the proposed friction
measuring method. Hence, there is no need to calculate the
friction, which means (12) and (13) are no longer needed.
Equation (11) can be written as:

FRi−1
ai

= FRi−1
ai+1

± fRi−1

fai
(14)

where fRi−1

fai
is a measured value.

The geometric relationship of a segment complies with the
Euler-Bernoulli beam theory and the deflection angle θi of the
ith segment can be expressed as:

θi =
Mi · Li

Ei · Ii (15)

whereLi is the length of the central backbone;Mi is the bending
moment; Ei and Ii are Young’s modulus and moment of inertia.

For a continuum manipulator, the static model can be de-
scribed by these equations and the shape of the manipulator can
be estimated.

B. Shape Estimation Experiments

In this part, three methods will be used to estimate the shape
of a planar continuum manipulator. The real shape is captured
by a camera that detects the marker located at the center position
of each disk as shown in Fig. 2. Experimental data of different
shapes are represented by the circles. Simultaneously, the out-
comes of these three methods are illustrated on the same graph
for comparison. Additionally, disk position errors along the arc
length are used to gauge the shape estimation performance of
the methods against experimental data.

1) The Measurement of Friction Coefficient: When estimat-
ing the manipulator’s shape using the static model considering
friction, the coefficient must first be known. In previous research,
the friction coefficient measurement is carried out through a sin-
gle cable hole. The same experimental procedure is reproduced
in this paper. As shown in Fig. 9(a), an identical disk from the
continuum robot prototype is vertically fixed. An optical fiber
with two calibrated FBG sensors is used as the driving cable.
The right end of the optical fiber is fixed and the left end of the
cable is attached to a load. The cable tension on both sides of
the fixed disk can be measured by the FBG sensors. Note the
cable tension on the left side of the disk as F1 and the tension
on the right side as F2. Note the normal force as FN , and it can
be expressed as:

FN = F1 · cos(θ1) + F2 · cos(θ2) (16)

Note friction as f and it can be expressed as:

f = F1 − F2 (17)

By changing load, the cable tension changes, as well as the
friction and the normal force. As shown in Fig. 9(b), through
linear fitting, the friction coefficient can be obtained and the
value is 0.1753 in this paper. By taking the value into the friction
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Fig. 9. Friction coefficient measurement in a cable hole.

Fig. 10. Shape estimation performance of different methods when the direc-
tion of the friction is consistent.

model, the shape of the manipulator can be estimated based on
the static model proposed in [10].

2) Experiments With Unidirectional Friction: The deflection
of the continuum manipulator is achieved by pulling the driving
cables. In the verification of the previous static model [10], there
is an assumption that cable tension should never be negative
which physically means that the static friction should never take
over and play the leading role. To keep cable tension positive,
it must be larger than the static friction. Under this condition, 6
groups of tests are conducted and the bending shapes of different
methods are shown in Fig. 10.

As shown in Fig. 10, the shapes estimated by the static model
without friction are close to the real shapes when the deflection
angle is small. However, as the angle increases, the shape esti-
mation performance of this method decreases due to increased
friction in the system. The static model using a friction model
method shows good performance. The shapes estimated by the
static model that applies friction measuring method have a high
agreement with the measured shapes. Results show that without
considering friction, the static model only works well when the
bending angle of the manipulator is small, and its performance
worsens with larger bending angles. When friction is considered

Fig. 11. Real friction and the friction obtained based on static model when the
direction of the friction is consistent.

Fig. 12. Shape estimation errors of different methods when the direction of
the friction is consistent.

and a friction model is applied, the shape estimation accuracy
of the static model is effectively improved.

The friction values for various cable holes and shapes are
depicted in Fig. 11. The frictional forces obtained from the
friction model closely match the actual friction values measured
by the FBG sensors. As a result, the static model, which incor-
porates either the friction model or the measured friction values,
exhibits good shape estimation performance. Fig. 12 shows that
under different deflections, the static models without friction and
with friction had maximum errors of 9.37 mm and 3.06 mm,
respectively. The model with measured friction values had a
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Fig. 13. Shape estimation of different methods when the direction of the
friction is inconsistent.

lower error of 2.84 mm, improving by 69.69% and 7.19%. The
average errors for all six shapes were 5.03 mm and 2.21 mm
for the first two models, and 2.03 mm for the third, marking
improvements of 59.64% and 8.14%.

It should be noted that the accuracy of the friction model
is also high. But it is heavily reliant on unidirectional internal
friction. If the direction of friction is inconsistent, which the
friction model does not take into account, the accuracy of the
static model may be significantly impacted.

3) Experiments With Friction in Different Directions: In
some instances, the direction of internal friction in different
cable holes may be inconsistent, particularly when cable tension
is small. When static friction exceeds cable tension, it becomes
the dominant force in certain segments, resulting in an inde-
terminate and inconsistent direction of friction along the entire
cable. The friction model employed in the static model is unable
to account for this issue, leading to reduced accuracy. However,
if the friction distribution along the entire manipulator can be
measured and utilized, the accuracy of the static model can be
effectively improved.

Fig. 13 shows that ignoring internal friction in the static model
results in large shape estimation errors. Despite incorporating a
friction model, the accuracy remains poor. However, using the
friction measurement method from Section II to determine actual
frictional forces in each cable hole improves the model’s shape
estimation performance significantly.

Fig. 14 depicts the friction values in different cable holes, with
stars representing measured friction and squares representing
friction from the model. The measured friction in the four shapes
has both negative and positive values, indicating inconsistent
frictional force directions. However, the friction obtained from
the static model is always positive, suggesting it can’t handle
friction with inconsistent directions, ultimately resulting in re-
duced accuracy. The static model with the friction measuring
method can fully capture the friction distribution along the cable,
eliminating the need for a friction model, and thus accurately
estimating the manipulator’s shape.

The performance comparison between different methods is
shown in Fig. 15. For the four shapes, the static model with
no friction and with friction model have maximum errors of
15.1 mm and 19.11 mm, respectively, while the static model
with measured friction values has a significantly lower error

Fig. 14. Real friction and the friction obtained based on friction model when
the direction of the friction is inconsistent.

Fig. 15. Shape estimation performance of different methods when the direc-
tion of the friction is inconsistent.

of 2.87 mm, improving by 80.99% and 84.98%. The average
errors were 10.56 mm and 16.47 mm for the first two methods,
and 1.75 mm for the third, marking improvements of 83.43%
and 89.37%.

These results demonstrate that internal friction in a cable-
driven continuum manipulator must be considered. Furthermore,
the friction model is unable to account for inconsistent directions
of frictional forces along the entire cable, resulting in reduced
accuracy for the static model. The friction distribution measuring
method proposed in this paper can accurately estimate frictional
forces in terms of both direction and magnitude. When this
method is applied, the static model exhibits good shape esti-
mation performance.

It is noteworthy that, although the proposed friction measuring
method is accurate and effective, it is not feasible for every con-
tinuum robot to be equipped with FBG sensors. Therefore, in the
future, we will model the friction based on the friction measuring
method, so that the friction can be accurately predicted when
there is no FBG sensor.

V. CONCLUSION

In this paper, FBG sensors are utilized to obtain the friction
distribution of the entire cable. This research fills a gap in
the current literature and provides an accurate approach for
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measuring the friction distribution of cable-driven continuum
manipulators. Experimental results show that the friction dis-
tribution can be fully measured and the direction of friction
may differ in different cable holes. Furthermore, we apply this
friction measuring method to improve the accuracy of the static
model. Shape estimation experiments are conducted to evaluate
the accuracy of static models with different friction consider-
ations. Comparison results for different methods demonstrate
that, without considering friction, the static model exhibits poor
shape estimation performance. When friction is considered and
a friction model is employed, the static model exhibits good
accuracy under the condition with unidirectional friction, but
accuracy decreases when the direction of internal friction is
inconsistent. In contrast, by applying the friction distribution
measuring method, the static model exhibits good shape esti-
mation performance under conditions with either consistent or
inconsistent directions of friction.

The significance of measuring the friction distribution of
cable-driven continuum manipulators not only lies in improving
the accuracy of the static model, but also lies in mechanics
investigation and actuation transmission features to improve the
accuracy of this type of manipulator. In fact, this is what we
intend to explore in our future research.
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