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Abstract— Accurate haptic feedback is a critical challenge for
surgical robots, especially for flexible endoscopic surgical robots
whose transmission systems are Tendon-Sheath Mechanisms
(TSMs) with highly nonlinear friction profiles and force
hysteresis. For distal end haptic sensing of TSMs, this paper, for
the first time, proposes to measure the compression force on the
sheath at the distal end so that the tension force on the tendon,
which equals the compression force on the sheath, can be
obtained. A new force sensor, i.e., a nitinol tube attached with an
optical Fiber Bragg Grating (FBG) fiber, is proposed to
measure the compression force on the sheath. This sensor, with
similar diameter and configuration (hollow) as the sheath, can
be compactly integrated with TSMs and surgical end-effectors.
In this paper, mechanics analysis and verification tests are
presented to reveal the relationship between the tension force on
the tendon and the compression force on the sheath. The
proposed force sensor was calibrated in tests with a sensitivity of
24.28 pm/N and integrated with a tendon-sheath driven grasper
to demonstrate the effectiveness of the proposed approach and
sensor. The proposed approach and sensor can also be applied
for a variety of TSMs-driven systems, such as robotic
fingers/hands, wearable devices, and rehabilitation devices.
Index Terms— Haptic Sensing, Fiber Bragg Gratings,
Flexible Surgical Endoscopic Robot, Tendon-Sheath
Mechanisms.

I. INTRODUCTION
Minimally Invasive Surgery (MIS) has become an
effective treatment since its introduction by John Wickham in
1986 [1]. By minimizing the incision, MIS brings dramatic
benefits to patients, such as reduced hospital stays, less pain,
lower postoperative infection rates and better cosmetic results
[2]. In accordance with MIS, utilizing natural orifices (i.e.
mouth, vagina, anus, etc.) as an entry point, Natural Orifice
Transluminal Endoscopic Surgery (NOTES) leaves no visible
scars after surgery [3]. Both MIS and NOTES have attracted
tremendous interests in developing robotic systems for the
associated surgical procedures. Robotic surgical systems are
beneficial to surgeons in terms of improved precision, better
vision, improved dexterity, and less fatigue and are also
beneficial to patents in terms of further reduced incisions,
faster recovery, and better cosmetic. Till now, significant
technological advances have been achieved, and
robot-assisted MIS systems are now becoming increasingly
popular in clinic [4]. However, one common problem with
existing robotic surgical systems is the absence of accurate
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haptic feedback. Studies have shown that adding accurate
haptic feedback to the hands of the surgeon not only reduces
the cases of excessive forces to avoid damaging the tissue
and/or the instrument but also significantly shorten
intraoperative time [5-7]. Nevertheless, this is not possible
without accurate real-time force information at the distal end
of the robot.
In the literature, there are generally two ways to obtain the
force information at the distal ends of surgical robots. The first
one is to sense the force at the proximal side and to predict the
force at the distal side by modelling the transmission
mechanisms of the robot; the second way is to directly mount
force sensors to the distal side of the instrument.
In NOTES robotic systems, Tendon-Sheath Mechanisms
(TSMs) [3, 8, 9] are widely adopted for force and motion
transmission because of their compact sizes, flexibility in
shape configurations, and reliability for high payloads.
However, modeling the force transmission of shape-changing
TSMs are challenging because of the backlash, nonlinear
friction, and hysteresis with TSMs [10, 11]. Kaneko et al [12]
analyzed the tension transmission in TSMs using the Coulomb
friction model. Additionally, Chen et al. [13] studied the
position
and
force
transmission
models
of
single-tendon-sheath actuation system. Wang et al. [14]
compared tissue modelling methods inclusive of Maxwell
model, Voigt model and Kelvin model and developed a force
transmission model to predict the tissue force reaction of a
flexible surgical endoscopic robot. Furthermore, Do et al [10]
proposed a dynamic friction model to fit and predict nonlinear
hysteresis behaviors of TSMs. Nevertheless, these approaches
are generally dependent on external loads and the sheath
configurations which keep changing during the surgery and
thus may not provide accurate force prediction during the
surgery.
Directly mounting force sensors to the distal end of a
surgical robot is an alternate promising solution for haptic
feedback. In the literature, eight sensing principles based on
displacement [15], current [16], pressure [17], resistance [18],
capacitance [19], piezoelectricity [20], vibration [21] and
optical properties [22] have been explored for MIS. All these
sensors are installed on the end-effectors of the instruments
which have direct contact with surgical objects.
Unfortunately, most of these force sensors with electrical
cable connections encounter problems such as large sizes,
complexities due to wires and accessories, and temporal
hysteresis. Meanwhile, electrical sensors are susceptible to
electromagnetic interference so that the accuracy can be a
challenge and they are not suitable for MRI environment.
Among
these
sensors,
MEMS-based
(Microelectro-mechanical systems) are also promising
because of their small sizes, good spatial resolution, and

multi-axis DOFs detections [23]. Nevertheless, such sensing
approach still poses problems like fragile sensing elements,
rigid substrates, transmission loss, noises, signal processing,
MRI-incompatibility, and space requirements for accessories
[24].
Compared to above mentioned sensors, Fiber Bragg
Grating (FBG) sensors appear to be a better choice for surgical
robots because of small sizes, high sensitivity, flexibility,
biocompatibility, non-toxicity, chemical inertness, immunity
to electromagnetic noise and electrical passivity. Compared to
other optical fiber sensors, FBG sensors are structurally
simple and is not limited by phase discontinuity or intensity
fluctuations [24]. Pullteap et. al [25] embedded FBG sensors
in a robotic MIS gripper to detect the grasping force and axial
force. Iordachita et. al [26] employed FBG sensors for 2 DOF
force sensing in retinal surgery. A 3 DOF force sensing pick
instrument (ø0.8 mm) was further developed for vitreoretinal
surgery, where four FBG sensors were used to maximize the
decoupling between axial and transverse force sensing [27]. In
the field of shape sensing, Park et. al [28] introduced a biopsy
needle integrated with FBGs to detect its bending deflection
when inserted in to tissue. Sefati et. al [29] developed a FBG
array for real-time large deflection shape sensing of a
continuum dexterous manipulator.
For distal end haptic sensing of TSMs, in this paper, we
propose to measure the compression force on the sheath at the
distal end so that the tension force on the tendon, which equals
the compression force on the sheath (theoretically and
experimentally confirmed in Section II), can be obtained. This
is achieved through a new FBG force sensor which consists of
a nitinol tube attached with a FBG strain sensor1. The nitinol
tube extends from the distal end of the sheath, and the tendon
goes through the sheath and the nitinol tube. Pulling the
tendon will result in compression from the sheath to the nitinol
tube and thus strain on the FBG strain sensor. By recording the
wavelength shift due to the strain, the compression force from
the sheath, which equals the tension force (magnitude) on the
tendon, can be calculated.
There are several advantages with the proposed approach
and the new sensor. Firstly, the approach measures the total
force applied to the end-effector through the transmission
mechanism while sensors directly mounted on the
end-effector (such as grasper jaws) involve problems of force
decoupling. Secondly, considering that the tendon is much
smaller and moves and bends frequently, to avoid damage to
the sensor and to avoid decoupling elongation and bending,
the new force sensor measures the force on the sheath rather
than that on the tendon. Thirdly, the sensor can be well
integrated with TSMs and the end-effector because of the
similar sizes and configurations of the nitinol tube and the
sheath. Fourthly, with this less wiring and passive FBG
sensor, no noise from electromagnetic interference and no
accessories such as amplifiers are needed at the distal end.
Lastly, the fiber for the sensor is flexible, and the fibers with
diameters less than 0.1 mm are commercially available.

1
In this paper, “FBG force sensor” refers to the force sensor (with the
nitinol tube) proposed in this paper while “FBG strain sensor” refers to the
fiber with a strain sensing segment.

The paper is organized as follows. Section II presents the
mechanics of TSMs, including theory and the verification
experiment. Section III introduces the working principle of
general FBG strain sensors and how the new force sensor
works with TSMs and an example end-effector (a surgical
grasper). Section IV describes sensor calibrations and tests.
Section V presents the experimental results and discussion.
Finally, Section VI provides the conclusions and directions for
future work.
II. MECHANICS OF TENDON-SHEATH MECHANISMS
A. Force Analysis of Tendon-sheath Transmission System
Consider an infinitesimal segment of a tendon and sheath
bent with a constant curvature, as shown in Fig. 1. T is the
tension force in the tendon; C is the compression force in the
sheath; N is the normal force from the sheath to the tendon; f is
the friction force applied by the sheath to the tendon; N’ is the
normal force from the tendon to the sheath; f’ is the friction
force applied by the tendon to the sheath; α is the curve angle
of this configuration; µ is the friction coefficient between the
tendon and sheath; r is radius of the curve in tendon-sheath
configuration.

Figure 1. An infinitesimal segment of TSMs in section view (adapted from
[30])

For the tendon, applying the force equilibrium equations
for a small portion dx, with a corresponding angle dα, the
following four equations are obtained [12].
Tdα = -N, dα = dx/r, f = µN and dT = f;

(1-4)

, where the loss of tension force is assumed to be caused only
by the friction between the tendon and the sheath [12, 31].
Similar relationships also exist for the sheath:
Cdα = -N’, dα = dx/r, f’ = µN’ and dC = f’.

(5-8)

Based on Newton’s Third Law,
N = - N’, f = -f’.

(9-10)

Thus,
Tdα = - Cdα.

(11)

Then, the crucial fundamental equations for this work are
obtained:
T = -C; dT = -dC [30]

(12-13)

Therefore, the magnitude of the compression force on the
sheath equals that of the tension force on the tendon at the
same cross section. This fact was further experimentally
verified, as presented in the following subsection.

Note that both ends of the sheaths are fixed and the
configuration keeps still when the endoscopic surgical robot
reaches the target operating site. Hence, except the friction
forces from the tendons, no other friction force is applied to
the sheaths since they do not have the tendency to move.
B. T=-C Verification Experiment
A platform was set up to verify Eq. (12), as shown in Fig.
2. Four hollow compression load cells were utilized to
measure the compression force on the sheath and the tension
force on the tendon at both the proximal end and the distal end.
Since these load cells can only measure compression, the
tension on the tendon was converted to compression using a
linear slider. A motor was employed to pull the tendon at the
proximal end, and a spring was attached to the tendon at the
distal end. The flexible configuration of the sheath and tendon
was arbitrarily set and fixed by pins on the black foam. Refer
to Appendix for the detailed information of the components
used.

compression force of the sheath has almost the same
magnitude as the tension force of the tendon at both the distal
end and the proximal end. Thus, the relationship of the
compression force and the tension force at the distal end,
namely T = -C, is valid. Based on this fact, in this paper, we
propose to measure the compression on the sheath at the distal
end using a FBG force sensor (details are presented below) so
that the tension on the tendon at the distal end can be obtained.
III. METHODOLOGY
A. Working Principle of FBG

Figure 4. FBG working principle

Figure 2. (a) Schematic diagram of experiment setup for T = -C test. (b)
Experiment setup for T = -C test.

FBG is a type of distributed Bragg reflector constructed in
a short segment of optical fiber. With a periodic variation in
the refractive index of the fiber core, FBG is capable of
reflecting a particular band of light that shifts in response to
variations in temperature and/or strain, as shown in Fig. 4. The
central wavelength of the reflection band is called Bragg
wavelength  B [32]:
(14)
B  2neff 
, where neff represents the effective refractive index of the fiber
core mode and Λ is the core refractive index modulation. The
parameters neff and Λ are dependent on temperature and strain.
The Bragg wavelength shift with respect to strain and
temperature variations is given in Ref. [33]:
B
(15)
 KT T +KS 

B

, where T ,   and B are the change of temperature, axial
strain along the fiber, and the caused shift of the central
wavelength, respectively. KT and KS are the thermal sensing
coefficient and strain sensing coefficient of the fiber material.
The change of the axial strain along the fiber can cause the
central wavelength to shift linearly, which offers an effective
way to measuring the loading force by tracking the Bragg
wavelength.

Figure 3. T = -C test result at the proximal end and distal end

A sinewave signal, with an amplitude of 1 and a frequency
of 0.3 Hz, was sent to the motor to drive the tendon, and the
load cells recorded the associated forces, as shown in Fig. 3.
As can be seen, the difference between the tension and
compression at the proximal end was 1.75%, and the
difference between the tension and compression at the distal
end was 0.42%. These errors were mainly because of the noise
of the load cells. The experiment result verifies that the

B. FBG Force Sensor
For haptic feedback in surgical robots, it is highly
desirable to know the force applied to the end-effector by the
tendon at the distal end. In this paper, based on Eq. (12), we
propose a FBG force sensor to measure the compression force
on the sheath at the distal end so that the force applied to the
end-effector by the tendon can be obtained.
Fig. 5a depicts the working principle of the force sensor. A
nitinol tube is placed at the distal end of the sheath, and the
FBG strain sensor is glued to the outer surface of the nitinol
tube. The tendon goes through both the sheath and the nitinol
tube. When integrated with the end-effector, the “m” end of

the nitinol tube is fixed to the end-effector; pulling the tendon
at the proximal end will result in a compression force from the
sheath to the nitinol tube. This compression will further result
in strain in the FBG strain sensor, and central wavelength will
shift in the reflected spectrum of FBG. Based on the
wavelength shift, the compression force on the sheath at the
distal end can be calculated. Thus, the tension force on the
tendon at the distal end can be obtained based on Eq. (12). Fig.
5b shows a prototype of this sensor with a tendon-sheath
mechanism.

FBG-integrated grasper insides an endoscope is presented in
Fig. 5g.
As shown in Fig. 5d, a 4 mm long FBG strain sensor (OD:
0.245 mm) is attached on a 6mm tube nitinol (OD: 1.27 mm,
ID: 0.97 mm) using super glue, which is then inserted into the
step hole (ø 2 mm, shown in Fig. 5e) on the body structure of
the grasper. The sheath directly connects with the nitinol tube
and a 1 mm long segment of the sheath (OD: 1.189 mm, ID:
0.72 mm) stays inside the step hole to secure good contact
with tube. In this study, another 3 mm FBG strain sensor with
the same nitinol tube was also developed for exploration.
In this work, nitinol tube was selected because of its super
elasticity and biocompatibility. Compared to other
biocompatible metal materials such as stainless steel 304/316,
with the same dimensions and loads, the strain of the nitinol
tube is much larger and thus is more measurable. Moreover,
the super elasticity of nitinol provides the sensor with larger
strain limit and longer fatigue life. In addition, both the nitinol
tube and the sheath are hollow and have similar dimensions;
thus, the integration of the sensor with the grasper and the
tendon-sheath mechanisms is compact.
IV. SENSOR CALIBRATIONS AND DEMONSTRATION
A. Sensor Calibrations
Fig. 6 illustrates the platform with two separate lanes to
obtain FBG force sensitivities of the two sensors, respectively.
In each lane, a motor pulls the tendon, which passes through a
sheath stopper, a sheath, a FBG support and ends at a load cell
mounted on a linear slider which is connected with a spring of
constant stiffness (0.52N/mm). The sensor, along with a 1 mm
long segment of the sheath is inserted into the step hole (as in
Fig. 6(c)) of the FBG support. The load cell measures the
tension force at the distal end, as a reference to the
compression force measured in the sheath/nitinol.

Figure 5. (a) Force analysis between nitinol tube and TSMs. (b) Prototype of
FBGs with TSMs. (c) Schematic diagram of the integrated grasper (FBG
sensor is shown in dot line). (d) 3D Model of the integrated grasper. (e) Step
hole design inside grasper. (f) Prototype of the integrated grasper. (g) Grasper
integrated with FBGs insides an endoscope.

Fig. 5c describes how two FBG force sensors are attached
to a grasper which consists of two pivotally connected jaws. In
this work, two TSMs controls this one degree of freedom. The
lower jaw in this example cannot be rotated and thus also
severs as the body structure of the grasper. The upper jaw can
be bi-directionally rotated by the two tendons fixed to it. Each
tendon-sheath has one force sensor. Each tendon extends from
the upper jaw to its associated sensor tube and sheath. The
sensor can measure the compression force on its associated
sheath and thus the tension force on the associated tendon can
be obtained. The 3D model and prototype of the grasper
integrated with the sensors and tendon-sheath mechanisms are
shown in Fig. 5d and 5f. The installation of the

Figure 6. (a) Schematic diagram of platform setup for sensor calibrations. (b)
Platform setup for sensor calibrations. (c) Step hole inside FBG support.

Recoating was applied to the grating area in order to
protect the FBG strain sensors. Optical spectrum analyzer
(Yologawa AQ6370C) was used to track the wavelength of
these FBGs.
Tension forces ranging from 0 N to 40N were applied in
each lane, and the corresponding wavelength shifts of the

sensors were recorded. With the recorded tension forces and
wavelength shifts, the FBG force sensitivity can be obtained.
This test was run for three times for 3mm FBG force sensor
and four times for 4mm FBG force sensor in order to confirm
the repeatability of the sensors.
B. Gasper Demonstration
At the end, a demonstration of a grasper integrated with
FBG sensors is present. The demonstration platform is shown
in Fig. 7. Basically, instead of lying inside the FBG support,
these two FBG force sensors were inserted into the step holes
on the body structure of the grasper to measure the tension
forces on the two tendons, respectively. The grasper was
driven to half open, fully open, and fully closed by the motors
through the tendons, as shown in Fig. 8. Refer to Appendix for
the detailed information of the components used.

and an adj. R-Square of 0.95. The force sensor with 3 mm
grating length has a relatively high force sensitivity of 24.28
pm/N and an adj. R-Square of 0.99, as shown in Fig. 9d. Note
that the sensitivity is expressed in pm/N while the slope in Fig.
9b and Fig. 9d is expressed in nm/N. The errors shown in Fig.
9b and Fig. 9d resulted from the signal noise of the load cells
and the variant bonding condition between tube and FBGs.
The quality of the glue could be the dominant noise source.
The sensitivity variance between 3mm and 4mm FBG was
also caused by the different bonding condition between the
FBG and nitinol tube. In this case, 3mm FBG had a better
contact with the tube. Due to the limitations of the current
attaching setup for the strain senor and the nitinol tube, there
were some uncertainties on the amount of glue applied and the
bonding condition between the tube and the strain sensor.

Figure 7. (a) Schematic diagram of platform to demonstrate integrating FBG
with grasper. (b) Platform to demonstrate integrating FBG with grasper.

Figure 9. (a) Spectra of 4mm FBG with different loadings. (b) 4mm FBG
force sensitivity/repeatability. (c) Spectra of 3mm FBG under different
loadings. (d) 3mm FBG force sensitivity/repeatability.

Figure 8. Grasper demonstration: a) Half open, b) fully open and c) fully
closed

V. EXPERIMENT RESULTS AND DISCUSSION
The sensitivity and repeatability test results are presented
as follows. Fig. 9a and 9c show the wavelength shifts in
response to the forces ranging from 0N to 40N with an
increment around 10N. Note that in the tests, the increment
was 5N but the results with 10 N increment are shown here
only for clarity of figures. The application of this force sensor
is suitable for TSM-driven systems, not limited to the flexible
surgical robot. Generally the distal end force of robotic
surgery is around 0 to 30N. Force up to 40N was tested for
exploration purpose. The sidelobes in the spectrum of 4mm
FBG in Fig 9a was caused by the optical interference between
the adjacent grating fringes in uniform FBG, which cannot be
eliminated theoretically due to the nature of the uniform FBG.
According to the force sensitivity and repeatability results
shown in Fig. 9b and Fig. 9d, two FBG force sensors are
capable of detecting forces at the distal end. As shown in Fig.
9b, there is a linear relationship between wavelength shifts and
forces for the 4mm FBG, with a force sensitivity of 7.92 pm/N

Figure 10. The FBG force readings from grasper demonstration

Relevant wavelength shifts for both FBG sensors are
shown in Fig. 10. Corresponding tension forces of the tendons
at the distal end were calculated based on the respective
wavelength shifts: 1.25N, 4.43N, and 8.64N for the half open,
fully open, and fully closed configurations, respectively.
VI. CONCLUSION
In this paper, we theoretically and experimentally
confirmed that the compression force on the sheath and the
tension force on the tendon at the same cross-section of a
tendon-sheath mechanism are equal in magnitudes. Based on
this, a new approach for the haptic sensing in tendon-sheath

driven surgical robots by measuring the distal end
compression force on the sheath using a new FBG force
sensor was proposed. A FBG strain sensor is attached on a
nitinol tube and then integrated with the tendon and sheath on
a
surgical
end-effector.
Based
on the
force
sensitivity/repeatability tests, the force sensors can provide
the compression force values, which reflect the tension force
of tendon at the distal end. The proposed approach and the
new FBG force sensor have several salient features, e.g., no
need for the decoupling of forces in different directions on the
end-effector and the decoupling of elongation and bending on
tendons; electrical passivity, compact integration with TSMs,
and MRI-compatibility.
Currently, the sensor with 3mm FBG grating length
presents the highest sensitivity~24.28 pm/N. The sensor with
the nitinol tube is 6 mm long, which is limited by the grating
size of the FBG sensor. In the future, force sensors with
shorter FBG grating sizes such as 1mm will be explored for
end-effectors of multi degrees of freedom. Meanwhile, dual
FBGs temperature compensation will be conducted to offset
the cross influence of temperature. To improve resolution and
accuracy, various types of epoxy will be explored, and
optimized nitinol tubular structures will be designed through
topology optimization [34,35]. In addition, to secure the
contact between nitinol tube and sheath, it is recommended to
weld the nitinol tube and sheath as an entire part, which will
also further reduce the size of tool connection portion.
Furthermore, Micron Optics SM130 or SI255 interrogator
will be utilized to automatically trace the real-time central
wavelength shifts for FBGs.
The proposed approach and sensor can be applied not only
for flexible endoscopic surgical robots, but also for a variety
of other TSM-driven systems, such as robotic fingers/hands,
wearable devices, and rehabilitation devices.
APPENDIX
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