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Development of Force Sensing Techniques for
Robot-Assisted Laparoscopic Surgery: A Review

Yupeng Hao, Han Zhang, Zhiqgiang Zhang, Chengzhi Hu, Chaoyang Shi

Abstract— Robot-assisted laparoscopic surgery (RALS) has
been widely investigated and developed as a routine and preferred
minimally invasive surgery (MIS) because of enhanced
operational precision and dexterity, improved visualization, and
reduced surgeon stress and fatigue. However, the lack of force
feedback poses challenges to accurate interaction force perception,
lowered surgical errors, improved patient safety, and upgraded
surgical outcomes. The solutions to force sensing can empower
surgeons with a more intuitive and natural surgical experience
with accurate perception capacity of interaction forces, efficient
motor skill acquisition, enhanced surgical quality, and support the
development of high-level techniques for surgical intelligence and
autonomy. Although extensive research has been investigated in
this field, effective and solid solutions are still unavailable for
actual surgical scenarios. This review provides a comprehensive
investigation from starting implementations to recent advances in
emerging techniques for physical force sensors in laparoscopic
surgery and RALS and focuses on the following categories: strain
gauge-based, capacitive-based, and optical fiber-based principles.
The design of force-sensitive structures from the mechanism
perspective has been emphasized to provide possible and valuable
design guidance for force sensor implementations with expected
performance. Merits and limitations of existing technologies and
prospects of new technologies are also discussed.

Index Terms— Laparoscopic surgery; Minimally invasive
surgery (MIS); Force feedback; Strain gauge sensor; Capacitive
sensor; Fiber optic sensor (FOS); Fiber Bragg grating (FBG).

I. INTRODUCTION

Laparoscopic surgery has extensively evolved into a
symbolic and routine minimally invasive procedure and is
developed as an exceptional alternative to traditional open
surgery [1-5]. The associated procedure typically involves
performing accessible diagnosis or delicate and complex
therapeutic tissue interventions inside the abdominal, thoracic,
or pelvic cavities by inserting specialized laparoscopic
instruments and an endoscopic camera through small keyhole
incisions [6-9]. Leveraging these merits and addressing the
limitations associated with manual laparoscopic surgery, RALS
has also been emergingly introduced in a master-slave control
mode and undergoes rapid development and progressive
applications due to its advantages of enhancing surgical
precision and dexterity, advancing visualization, reducing
surgeon fatigue, and improving patient outcomes [8, 10-13].
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However, the absence of force feedback remains a challenging
problem for both laparoscopy and RALS and thus poses
significant challenges to enhancing surgical outcomes,
improving patient safety, shortening the learning curve, and
further restricting the development of the associated techniques
for intelligence and autonomy of surgical robots [14-16].
According to the statistics and analysis of surgical trainees’
operations, the previous study found that around 56% of
surgical consequential errors are produced by exerting either
excessive or insufficient forces for laparoscopic
cholecystectomy [17, 18]. The tool-tissue interaction forces
perceived by surgeons are typically amplified and even
distorted, which are attributable to the induced internal friction
forces inside instruments and the disturbance forces from the
internal surrounding tissues and organs by the leverage
amplification effect [19, 20]. Furthermore, the gripping forces
felt by surgeons’ hands are typically 2 to 6 times larger than the
actual distal instrument grasping forces [20]. The utilization of
haptic feedback and pseudo-haptic feedback can offer surgeons
a more intuitive and natural surgical experience by providing
physical tactile sensations and auditory, visual, or other
simulated tactile sensations, respectively [21-23]. Accurate and
robust force sensing technologies are crucial as the premise for
(pseudo) haptic feedback [24]. These technologies could enable
surgeons to accurately perceive interaction forces, explore
anatomical structures, and identify tissue properties during
tissue interventions [25, 26]. These merits support suppressing
the possibility of surgical errors, enhancing surgical quality,
increasing the speed of skill acquisition, and developing high-
level robot-associated techniques for surgical autonomy [27-
29].

The mainstream RALS provides tissue deformation
information based on visual feedback as an alternative to help
surgeons estimate the interaction status between surgical
instruments and tissues, which significantly limits safety and
effectiveness during surgical operations [18]. The sensorless
method typically develops force-estimation algorithms based
on the vision feedback and mechanical interaction models. It
avoids the problems of increased costs and original function
destruction of the instruments but necessitates a lengthy and
expensive training phase [30-32]. Consequently, more precise

Engineering, Tianjin University, Tianjin 300072, China. Z. Zhang is with
School of Electronic and Electrical Engineering, University of Leeds, Leeds,
LS2 9JT, UK. C. Hu is with Guangdong Provincial Key Laboratory of Human-
Augmentation and Rehabilitation Robotics in Universities, Department of
Mechanical and Energy Engineering, Southern University of Science and
Technology, Shenzhen, 518055, China. This work is also supported by
International Institute for Innovative Design and Intelligent Manufacturing of
Tianjin University in Zhejiang, Shaoxing 312000, CN.

This article has been accented for nublication in IEEE Transactions on Medical Robotice and Bionice This is the author's version which has not been fullv edited and



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

models and advanced algorithms are needed to enhance the
accuracy of force estimation and reduce computational time
[19]. In contrast, physical sensing techniques embrace the more
significant potential to provide multiple dimensional
measurements in real-time, maintain higher reliability, and
improve surgical procedures’ accuracy, efficiency, and safety
[23, 24]. Therefore, various force-sensing techniques based on
physical sensors for RALS have attracted extensive
investigation.

This article comprehensively reviews the early and starting
implementations as well as recent progress and advances of
various force sensors for RALS. Section II reviews the existing
and typical force sensors based on strain gauge, capacitance,
and optical fibers. The characteristics and performance of these
sensor prototypes and their integrations in different locations
along the surgical instruments are compared, as presented in
detailed tables and figures. The advantages and limitations of
existing technologies for force sensors are discussed. This
review further analyzes the design of force-sensitive structures
and outlines their correlation with sensor performances
regarding measurement dimension, accuracy, resolution, and
decoupling ability. The potential of the force-sensitive structure
design from the mechanism perspective to provide a part of the
framework or guidelines for force sensor developments in
RALS is also emphasized.

Literature research was performed on IEEE Xplore,
ScienceDirect, Web of Science, Springer, and PubMed for
articles related to the design and development of force-sensing
techniques for RALS from 1994 to 2023 utilizing the keywords
‘laparoscopic surgery’, ‘force sensor’, ‘haptic feedback’,
‘surgical robot’, and similar terms. The literature relevance was
taken as the inclusion criterion. Primary screening based on the
title and abstract, followed by detailed full-text screening,
ensured that the literature was directly related to the topic of
‘Force sensors for RALS’. Moreover, literature with a small
sample size, poor methodology, or unreasonable research
design and without peer-reviewed academic journals was
excluded to ensure academic credibility and reliability.

II. SENSING TECHNOLOGIES

A. Overview of the Development of Force Sensors for RALS
1) Analysis of Design Requirements

To achieve higher accuracy and reliability in force sensing
and satisfy the clinical requirements of the sensing instruments,
the force sensor design for RALS requires comprehensive
consideration of essential factors such as sensing DoFs,
sensitivity, size, packaging, sterilization, and so on. The
following contents outline the primary design requirements.

a) Although higher dimensional force sensors can provide
surgeons with a more authentic sense of presence, the
grasping force, instrument force, and axial torque are the
most relevant DoFs to provide effective force sensing for
RALS [18, 19], as illustrated in Fig. 1.

b) There exists a trade-off between structural stiffness and
sensor sensitivity. In most RALS applications, a
measurement range of 10N in all directions and 0-10 N

for grasping, as well as a resolution of 0.2 N are
considered sufficient [33, 34], as the human just-
noticeable difference (JND) is 10% within [0.5 N, 200
N] and increases to 15-27% below 0.5 N.

c) The sensors should be miniatured to facilitate compact
integration with surgical instruments and reduce
interferences in their original functions [35, 36].
Furthermore, the sensor packaging demands effective
and practical insulation against static electricity,
shielding against electromagnetic interference (EMI),
and secure sealing to prevent foreign objects [37]. The
adopted materials also have to meet biocompatibility
requirements [38].

d) Surgical instruments require experiencing strict cleaning
and sterilization procedures before re-usage [37].
Therefore, the sensors should be specially designed to
avoid damage to the signal conditioning electronics,
wire insulation, bonding, and coatings during
sterilization procedures with 120-135°C, 207 kPa, and
100% humidity for 15-30 minutes [38, 39].

e) The currently available robotic instruments are
expensive and have a compulsory limit of 10-15 uses
[40, 41]. Therefore, modular mounting sensors are
desirable for force feedback in RALS [18].
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Fig. 1. Integration locations and detailed DoF distribution of the force-sensing
techniques for RALS.
2) Summary of Sensing Principles and Integration
Locations
To promise different sensing requirements and target various
usage scenarios, force sensing techniques for RALS adopted
various sensing principles [42], including the strain gauge [43-
46], capacitance [47-50], piezoelectricity [51-53], and optical
fibers [54-62]. Their working principles, merits, and
disadvantages are summarized in Table 1. Piezoelectric sensors
are not discussed in the following sections due to their lack of
static force measurement capability and limited usage in RALS.
Various sensors have been integrated into different locations
of the surgical robot to satisfy different requirements [7]. This
survey analyses the advantages and disadvantages of
integrating force sensors in the proximal driving unit, the
instrument shaft (wrist, trocar), and the distal end effector (Fig.
1), respectively. Their corresponding applicability and
performance in laparoscopic surgical robots are discussed
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TABLE I
SUMMARY OF SENSING PRINCIPLES, ADVANTAGES AND DISADVANTAGES OF DIFFERENT SENSING METHODS

Force sensing principles Description

Resistive strain effect of metals or the
piezoresistive effect of semiconductor
elements

Strain-gauge-based [43-46]

Capacitance variation due to the
distance or overlap area change
between two electrodes

The piezoelectric effect that converts
strain or force to electrical change

Light intensity
modulation
(LIM) [54-56]

Voltage or current variation due to
force-induced intensity change

. Phase Relative phase shift between light
Optical modulation beams due to the force or
fiber-based [57-59] displacement
Wavelength Grating’s reflecting wavelength shift
modulation .
[60-62] under strain and temperature

Advantages Disadvantages
* High accuracy
* Compact size ¢ Complex circuit
* High reliability ¢ Susceptible to EMI
¢ Cost-effectiveness
* High sensitivity and resolution ¢ Limited measurement range
* No drift ¢ Edge effect
* Long time stability ¢ Parasitic capacitance

* High-frequency response
¢ High dynamic range
¢ Excellent accuracy

* Not suitable for static force
sensing

¢ Simple structure
* Cost-effectiveness .
* Ease of signal interpretation

* High sensitivity
* Wide dynamic range
* Rapid response

* Require expensive and
high-quality light source

¢ Excellent sensitivity

* High linearity

¢ Support multiple-point
measurement

¢ Temperature sensitivity
¢ Require expensive optical
interrogation

below. The proximal sensors integrated at the driving unit are
located away from the surgical operation sites [40, 63]. These
sensors typically have fewer requirements in terms of size,
weight, sterilizability, and biocompatibility. However, they
mainly indirectly measure the interaction forces at the distal end
of the instruments, resulting in decreased measurement
accuracy due to friction, hysteresis, disturbance forces, and
leverage effects. The distal sensors assembled on the instrument
shaft generally achieve high sensitivity in radial force
measurement [64-67]. However, the sensor's outer diameter
should be smaller than that of the surgical instrument (typically
less than 10 mm), and the internal structural design of the sensor
requires reserved channels to carry driving cables and surgical
instruments. The sensors integrated into the end effectors
(graspers and scissors) realize the direct force detection
between tissues and instruments [68-71]. This configuration
allows the sensor to be independent of friction and inertial
forces, allowing its highest measurement accuracy among all
configurations. However, these sensors suffer from stringent
requirements to ensure the sensor’s performance and restore the
original functions of the instruments.

B. Strain Gauge-based Force Sensing

The integration of strain gauges with surgical instruments
can be mainly categorized into two types: those integrated with
the instrument shafts or driving units to measure instrument and
grasping forces, as well as those integrated into the graspers to
directly detect grasping forces.

Bicchi et al. from the University of Pisa first introduced strain
gauge-based sensors for laparoscopic instruments in 1996, as
illustrated in Fig. 2-al). They attached two strain gauges to both
the inner and outer surfaces of a ring, respectively, and fixed
this ring to the driving rod of a commercial instrument for the
grasping force sensing. A position-sensing device was
employed to measure the angular variation of the grasper jaws,

enabling this sensor to help surgeons perceive different tissue
stiffness values [72, 73]. Additionally, Prasad et al. [74]
adopted four orthogonally placed strain gauges onto a sleeve
that could be fitted modularly with laparoscopic instruments to
quantify the 2-D radial forces (Fig. 2-a2)). Based on a similar
strain gauge arrangement, Mayer et al. developed a sensing
instrument and mounted it into a surgical robot system (Fig. 2-
a3)), significantly benefiting autonomous surgical planning
[75]. However, simultaneously measuring both the grasping
and the instrument forces is indispensable for laparoscopic
instruments.

To further measure both the grasping and instrument forces,
Tholey et al. integrated a resistive sensor and four strain gauges
into the jaw and the distal end of the instrument shaft, achieving
grasping force detection within [0, 13 N] and 2-D instrument
force measurement within [0, 10 N], respectively (Fig. 2-a4)).
However, the grasping force perception displayed significant
non-linearity and hysteresis [76, 77]. Besides, Dalvand et al.
integrated the strain gauges into the proximal end of the
instrument driving rod to achieve an indirect and linear
measurement of the grasping force (Fig. 2-a5)). However, this
approach of directly attaching strain gauges to the instrument
shaft induced severe sensing coupling between the grasping and
instrument forces [78, 79]. Trejos et al. addressed this problem
by employing a specially designed triple-concentric-shaft
configuration and realized the decoupling 5-D force/torque (F/T)
measurement (Fig. 2-a6)). The inner, middle, and outer shafts
of this triple-shaft configuration were equipped with strain
gauges to measure the actuation force, radial force, as well as
axial force and torque, respectively [80]. However, the accuracy
of these sensors was limited by trocar friction, gravity, and
inertial forces resulting from directly attaching the strain gauges
to the original instruments.

To overcome these limitations, Shimachi et al. proposed a
novel force-sensing method termed as Overcoat that can be
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Fig. 2. Strain gauge-based force sensors integrated into shafts (a, b) and driving units (c) of the laparoscopic instruments. al) Sensing ring fixed on the shaft for
grasping force measurement [72], ©1996 IEEE; a2) Modular sleeve with 2-D radial force sensing capacity [74], ©2003 Springer; a3) Sensing instrument with
strain gauges attached to the shaft and the surgical platform equipped this instrument [75], © 2006 IEEE; a4) 2-D radial force sensor based on strain gauges and
sensing grasper based on a resistive sensor [76], © 2007 IEEE; a5) 3-D sensing instrument for different tips [79], © 2014 John Wiley; a6) 5-D F/T sensor with
triple-concentric-shaft configuration [80], © 2009 ASME; a7) 3-D force sensor utilizing the basic type of Overcoat method [83], © 2008 John Wiley and Sons;
b1) 3-D force sensor with triple elastic beams [36], © 2015 Emerald Group Publishing Limited; b2) 6-D F/T sensor with double hole elastic crossing beams [85],
© 2013 Springer; b3) 6-D F/T force sensor based on the Stewart flexure [88], © 2004 IEEE; b4) 6-D Steward-based sensor of less parasitic effect [67], © 2017
John Wiley and Sons; c1) Sensing pulley for grasping force sensing [96], © 2002 IOS PRESS; c2) Cable tension sensor of multiple-DOF instruments for surgical
robot [63], © 2014 John Wiley and Sons. All figures are reprinted with permission of the corresponding references.
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categorized into two types: the basic type and the trocar type.
The basic type involves placing force sensors between the
instrument shaft and an overcoat covering the shaft outside,
creating the configuration of triple concentric shafts to measure
3-D forces without interferences from trocar friction or gravity
(Fig. 2-a7)). Meanwhile, an acceleration sensor was integrated
behind the motor to compensate for inertial forces. This sensing
instrument was integrated into the Da Vinci Surgical System
and achieved high accuracy values of 0.1 N in both the x and y
directions as well as 0.2 N in the z direction [81-83]. Besides,
the trocar type integrated sensors into a double-layer trocar to
avoid the modification of the instrument and reduce the cost.
However, this type suffered a poor absolute accuracy of 0.3 N
with a sensitivity of 0.05 N, and the vibration of the instrument
shaft negatively impacted inertial force cancellation [84].

In addition to directly utilizing the instrument shafts as
sensing structures, specially designed flexible structures for
multidimensional sensors were introduced to offer greater
compactness, improved performance, and decoupling
measurement. Li et al. proposed a 3-D palpation force sensor
that utilized a tripod flexure consisting of three elastic beams
[36]. Each flexible beam comprised one horizontal beam and
two vertical beams with a strain gauge attached to the lower
vertical beam, as illustrated in Fig. 2-bl). This sensor was
integrated into a palpation instrument shaft and suffered a
limited radial force measurement range of [-1.5 N, 1.5 N]. Jiang
et al. further proposed a 6-D sensor composed of two double-
hole parallel crossing elastic beams with 32 strain gauges (Fig.
2-b2)). This sensor achieved an enhanced measurement range
of [0, 10 N] and [0, 150 N-mm] and 6-D F/T decoupling sensing
with a maximum coupling error of 4.29% by employing a
clearance fit between the elastomer and the shell [85-87].
However, high-dimensional force sensors based on the
traditional crossbeam structure need to attach lots of strain
gauges, thereby increasing the complexity of sensor fabrication
and integration.

Furthermore, the mechanism-based approach, applying the
parallel mechanism platform as the sensing structure, reduces
the number of strain gauge patches and allows larger central
channels for surgical tools and cables. Seibold et al. [88-91]
affixed 6 strain gauges into the links of a Stewart-based
structure to realize 6-D F/T sensing and integrated this sensor
into the wrist of a wire-driven laparoscopic surgical instrument
(Fig. 2-b3)). Nevertheless, this sensor suffered an evident
crosstalk due to the parasitic motion of the flexible links. Li et
al. [67, 92] improved the 6-D Stewart-based sensor by
increasing the inertia moment of the links to minimize the
parasitic effect and mounting 12 strain gauges onto each front
and back side of six links (Fig. 2-b4)). The ex-vivo palpation
experiments demonstrated that this sensor achieved excellent
linearity, low crosstalk of 5%, and low hysteresis of 2.5%.
Matich et al. developed a 6 F/T Stewart-based miniaturized
sensor by rolling a steel plate with 12 strain gauges to form a
hexapod structure [93, 94]. This sensor achieved measuring
ranges of 4 N and 66 mNm with crosstalk smaller than 2.76 %.

Sensors integrated into the driving unit are more accessible
to design and assemble than in other integrated locations

because of the larger available size. Hu et al. affixed strain
gauges to the handle of a handheld disposable laparoscopic
instrument for measuring grasping force, but the accuracy was
limited by hand tremors [95]. Furthermore, Brown et al.
presented a sensing pulley with two strain gauges to indirectly
measure the 1-D grasping force (Fig. 2-c1)). The pulley was
connected to the cable at the driving unit of a handheld
automated MIS instrument and achieved outstanding static and
dynamic performance in ex-vivo experiments [96, 97].
Moreover, He et al. developed a force sensor utilizing an equal-
strength cantilever beam with four strain gauges [63]. This
sensor was installed on the cable-winding wheels at the driving
unit of a robot-assisted laparoscopic instrument to measure the
cable tension and further calculate the grasping force and 3-D
instrument forces (Fig. 2-¢2)). This sensing technique achieved
an impressive resolution of 0.04 N. However, the integration
into the driving unit resulted in poor measurement accuracy
owing to friction between the cable and the instrument wrist.
Matich et al. developed three strain gauge-based axis force
sensors and connected them between the motors and driving
rods to achieve an indirectly estimation of 3-D interaction force.
A longitudinal vibration strategy was employed to mitigate the
impact of friction and enhance sensing precision [98].

Integrating force sensors into the effectors effectively
mitigates performance degradation caused by friction, rebound,
and hysteresis, thereby enhancing sensing accuracy.
Nevertheless, this  approach  necessitates  structural
modifications to the grasper without affecting its original
functions. Tholey et al. integrated a piezoresistive sensor (Fig.
3-al)) with 3-D force measurement capability onto the back
part of automated laparoscopic grasping jaws to measure 3-D
grasping forces [99, 100]. Fischer et al. [101] developed a 3-D
sensing grasper and integrated two sets of strain gauges onto the
locations with maximum strain values of each jaw to detect
axial and bending forces, respectively (Fig. 3-a2)). However,
these approaches increased the graspers’ size and inevitably
impacted their original function.

Therefore, flexure-based sensors were adopted to reduce the
grasper sizes, enhance sensor performance (e.g. sensitivity),
and retain the original functions of graspers. Stephan et al.
proposed a novel MIS grasper comprising planar elastic beams
in three orthogonal directions and strain gauges to detect the
grasping and 3-D instrument forces (Fig. 3-b1)). However, the
complex design of the sensor led to complicated assembly and
significant measurement errors, while the smooth surfaces
resulted in impaired grasping capacity [102]. Hong et al. further
integrated two flexure hinges into the proximal end of the
grasper, preserving the working surface of the grasper. This 2-
D sensing grasper (Fig. 3-b2)) enhanced the resolution of the
pulling force by 43 mN and the grasping force by 7.4 mN [103].
Similarly, Yu et al. integrated double E-type beams with four
strain gauges into the grasper jaws (Fig. 3-b3)) and achieved 3-
D force decoupling measurement with a high resolution of 10
mN. However, the width of 11.2 mm exceeded instrument size
limitations for laparoscopic surgery [70, 104]. Moreover, Hou
et al. developed a miniature 3-D sensing chip with highly
integrated four piezoresistive membranes that can be easily
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Fig. 3. Strain gauge-based force sensors that are integrated into the distal graspers of laparoscopic instruments. al) Piezoresistive sensor integrated into the jaw
back for 3-D grasping force measurement [100], © 2004 Springer; a2) Sensing grasper with two sets of strain gauges for measuring axial and bending forces [101],
© 2006 IEEE; b1) 3-D sensing grasper with planar elastic beams in three orthogonal directions [102], © 2010 IEEE; b2) The proximal 2-D grasping force sensor
based on flexure hinges [103], © 2012 IEEE; b3) The proximal 3-D grasping force sensor based on double E-type strain beams [70], © 2018 IEEE; b4) Miniature
3-D sensing chip assembled into the grasper [105], © 2021 IEEE. All figures are reprinted with permission of the corresponding references.

assembled into the grasper (Fig. 3-b4)). This sensor reached
linearity measurement of the radial forces within [0, 0.5 N] and
axial force within [0, 2 N], but its drawback of crosstalk was
noticeable due to fabrication errors [105].

In addition, it is commonly challenging for strain gauge-
based sensors to withstand sterilization cycles, preventing their
practical applications in the clinic. Trejos et al. developed a
sterilizable 3-D sensing laparoscopic grasper by selecting a
particular combination of adhesives and coatings, ensuring the
strain gauges maintain their functions after up to six
sterilization cycles [37, 106].

Strain gauge-based sensors are widely utilized in engineering
and related academic research for their high accuracy, small
size, high reliability, support for multi-axial force sensing, and
cost-effectiveness. However, this type of sensor still needs to
overcome the sensitivity to EMI and integration difficulties due
to external wires and complex circuits. The performance of
strain gauge-based sensors for laparoscopic instruments is
summarized in Table II.

C. Capacitive-based Force Sensing

Capacitive-based force sensors typically utilize sandwich-
shaped structures with two parallel electrode plates separated
by dielectrics, which enables convenient 1-D distributed force
measurement within a small thickness [49, 107]. In 1994, Howe
et al. first introduced a self-developed capacitive sensor and
attached it to the distal end of laparoscopic instruments for
exploring and localizing hidden arteries and tumors during MIS
procedures. This sensor utilized two sets of crossed copper
strips as electrodes and thin middle strips of silicone rubber as
the dielectric substance to develop a tactile sensor (Fig. 4-al)),
achieving 1-D pressure distribution measurement within [0, 2
N]. However, as a preliminary exploration, further research was
required on minimization, signal processing, and sensor
integration [107-109]. Based on the microelectromechanical
systems (MEMS), Paydar et al. proposed a miniaturized thin-
film capacitive force sensor that was compatible with the Da
Vinci Cadiere graspers. This sensor consisted of 2x3 sensing
elements, and each element utilized a spring-like middle
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TABLE II
SUMMARY OF STRAIN GAUGE-BASED FORCE SENSORS FOR LAPAROSCOPIC SURGERY
Authors Year Integrated Location Sg:)s;:;g Experiments Range Sensitivity Resolution Characteristics Size
Bicchietal. 1906 Jnstrument shaft 1 Model N/A N/A N/A N/A 21.3 mmx61.4
B 2 mm__
Hli;st]al 2002 Driving unit 1 Model N/A N/A N/A N/A N/A
B";’;;“;;Ia" 2003 Driving unit 1 In-vivo N/A N/A N/A N/A N/A
. . 0/ .
Prasad etal. =5, Instrument shaft 2 In-vivo 0-12N N/A N/A Error: Fy: 4.9%; $10 mmx358.9
[74] Fy: 3.7%. mm
Shimachietal. = ,,,;  Instrument shaft and 3 Model 10N N/A 0.05N Absolute accuracy: 0.3 N N/A
,,,,,,,, g4 -~ divingunit °~° T
Seibold et al. S Force: £2.5 N Fyx,Fy: 0.05N
(88-91] 2004 Instrument shaft 6 Calibration Torque: +80 N-mm N/A E: 025N N/A $#10mm
N ~ Absoluteaccuracy:
Shimachi etal. =, Instrument shaft and 3 Calibration £10N N/A 0.02N 0.05-0.1 N N/A
[81, 82] driving unit . .
... DlLeiyeror5%
Tholey et al. - 0.6x1.75%0.5
,,,,,, potoo) 204 Gweer 3 Meel MM NA A e IN e
May[e7r5]et A 2006 Instrument shaft 2 Model N/A N/A N/A N/A N/A
Tholey et al. Instrument shaft and Fe: 0-13N
76, 77] 2007 grasper 3 Model F: 0-10N N/A <0.IN N/A N/A
Shimachi et al Instrument shaft and FolSumN Error:
! [83]‘ ©oo2008 T e 3 Calibration 10N A0 N 5mN FoF:0.1N N/A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e TomlOSN.
Fa: 0-50 N F.: -0.0022 V/g RMSE:
Trejos et al. o Fi: 5N F;i: -0.0295 V/g F.: 035N
(80] 2009 Instrument shaft 5 Calibration Torque: £80 N-mm Torque: 0.0051 V/g N/A F:0.07/0.03 N N/A
e FeeEN Foiu: 0.00051 Vig Torque: LSN-mm
Stephan et al RMS noises:
p : 2010 Grasper 4 Calibration 0-10N N/A 0.1N Fe: 0.13 N, Fy: 020N 8 mmx10 mm
[102]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, FA005N
RMSE:
Hong et al. . F,: 43mN F,: 95 mN, F,: 37 mN
[103] 2012 Grasper 2 Calibration +5N N/A F, 7.4 mN Hysteresis: N/A
e B 100% Fe 153%.
Dalvand et al. Instrument shaft and Fg: 0-5N .
78, 79] 2013 driving unit 3 Model F: 02N N/A N/A Error: F<0.05N 7.4 mmx3.3 mm
Jiang et al. . Force: 10N . . o
[85-87] 2013 Instrument shaft 6 Ex-vivo Torque: 150 N-mm N/A N/A Coupling errors: <4.29%  ¢9.8 mmx6 mm
Trejos et al. S Fi: +5N Accuracy: 0.15-1.70 N
37] 2014 Instrument shaft 3 Calibration F,: 0-17N N/A N/A Hystrersis: 0.11-1.05 N N/A
He etal 2014 Driving unit 4 Suturing 0-200 N 0.0257 V/N 40 mN Accuracy: 0.4 N $10 mmx12 mm
[63] experiment
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Lmear_lt}; error: 0.16 N

N/A

N/A

2 mN/count

0-40 N

Calibration

2016 Driving unit

Matich et al. [98]

Hysteresis: 0.1 N

¢9 mm

Linearity error: <0.97%
Hysteresis error: <1.16%

N/A

N/A

Fo.F: 4N

F:+1N
M, M,: £60 mNm

Calibration

6

2017 Instrument shaft

Matich et al.
[93, 94]

Cross error: <2.76%

M,: £35 mNm _

Accuracy:

Fy: 23 mN
Fs: 2.2 mN
Fi: 93 mN

+2.5N N/A 0.0l N

Calibration

Grasper

2018

Yu et al. [70, 104]

36.15 mmx11.2 mmx7
m

N/A

F,, F,: 0-05 N

N/A 2 mmx2 mmx0.4 mm

N/A

Model

2021 Grasper

Hou et al. [105]

F:0-2.0N

Fi-Instrument force; F,-Grasping force; F,-Pulling force; F-Radial shear force; F-Axial tangential force; F,-Actuation force; RMSE-Root mean square error.

dielectric positioned between two metal plates. Calibration
experiments demonstrated that this sensor realized the
measurement range of [0, 40 N] but with low linearity [110].
Moreover, Peng et al. presented a capacitive sensor composed
of 5x5 sensing elements, and each element consisted of two
electrodes separated by an air gap and an insulation layer, as
shown in Fig. 4-a2). These elements possessed two different
stiffness values and were arranged alternately, which produced
distinct capacitance variations in response to pressure and
thereby enabled the elasticity measurement of target objects
[111]. However, these early laboratory-developed sensors
encountered limitations in terms of low linearity, limited
measurement range or resolution, and complex integration.

To further enhance measurement performance, commercial
capacitive sensor arrays have been developed and employed for
laparoscopic instruments. Ottermo et al. attached a commercial
capacitive sensor pad (TactArray, Pressure Profile System, US)
with 4x15 sensor elements onto a laparoscopic grasper [112],
as shown in Fig. 4-a3). Trejos et al. further integrated the
advanced commercial tactile sensor from the same company
into the laparoscopic palpation probe and then mounted them
on a robotic arm (Fig. 4-a4)). The ex-vivo experiments [113,
114] were performed with augmented hybrid impedance
control, demonstrating a 50% increase in tumor detection
accuracy with palpation force reduced by 35%. Furthermore,
this group also developed a self-made, economical, and
disposable capacitive sensor with a sandwiched compressible
dielectric elastomer. This sensor provided kinesthetic feedback
within [25, 150 kPa] with a resolution of 1 kPa; however, the
spatial resolution of 2 mmx2 mm was limited by the size of the
sensing elements [115, 116].

Although these sensors were capable of 1-D distributed force
sensing and convenient for palpation, they were unsuitable for
integration into complex surgical tools such as graspers. The
integration process resulted in a smooth jaw surface,
compromising the grasping capacity, and leading to instability
during operation [112]. Moreover, multidimensional capacitive
sensors faced the challenge of significant crosstalk and parasitic
capacitance. Therefore, the design and integration of
multidimensional capacitive-based sensors typically required
modifications on the original laparoscopic graspers to achieve
miniaturization without compromising their original function
[47, 48].

Lee et al. presented a preliminary design of a 3-D capacitive
force sensor consisting of 3 different pairs of electrodes with
one shared dielectric substrate (Fig. 4-bl)) in 2013. Three
electrode pairs were designed with different shapes to facilitate
the low crosstalk measurement of the normal force and shear
forces. Two fabricated sensors were integrated between the
surgical graspers’ base plate and the tooth plate, achieving a
measurement range of [0, 11.7 N] but with low sensitivity due
to the interference capacitance and assembly error [47]. Dai et
al. proposed a 3-D force sensor (Fig. 4-b2)) that could be
conveniently installed into commercial robotic laparoscopic
graspers. This sensor comprised a top layer with 6 electrodes, a
middle dielectric layer, and a bottom electrode layer, and thus
formed six capacitive sensing cells. These capacitive cells were
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Fig. 4. Development of capacitive-based force sensors for laparoscopic surgery. al) Sensing pad with 8*8 sensing element [109], © 1998 ASME; a2) Sensing pad
with 5*5 sensing elements with two stiffness values [111], © 2009 IEEE; a3) Commercial sensing pad covered on the grasper [112], © 2006 Lippincott Williams
& Wilkins; a4) Commercial sensing pad integrated into a palpation probe [133], © 2009 SAGE Publications; b1) 3-D force sensor embedded into the grasper [47],
© 2013 IEEE; b2) 3-D force sensor with 6 symmetrically distributed sensing cells [117], © 2017 IEEE; b3) 2-D force sensor based on a triangular prism [121], ©
2015 IEEE; b4) 3-D force sensor based on a triangular-shaped sensing PCB and a grooved flexure [69, 123], © 2016 IEEE, © 2019 IEEE; b5) Sensing instrument
with a 3-D distal force sensor and two proximal torque sensor [119, 124], © 2015 IEEE, © 2017 IEEE; b6) 6-D F/T sensor for palpation probe [126], © 2018 IEEE;
b7) S-Surge surgical robot with different sensing instruments [124], © 2017 IEEE. All figures are reprinted with permission of the corresponding references.
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divided into three pairs for measuring the normal force and two
shear forces, respectively. Each pair was symmetrically
distributed on the sensing PCB to create differential
capacitance, thus reducing errors caused by crosstalk and
parasitic capacitance as well as improving the accuracy and
signal-to-noise ratio of this sensor. However, the large sensor
size of 11 mmx15 mmx0.6 mm with complex circuitry and the
absence of grasper tooths made it challenging to apply in
laparoscopic surgery [117, 118]. Additionally, the radial force
measurement of the above two sensors was realized based on
the overlap area variation of the two electrodes. This type of
sensor typically necessitates a complex structure and is highly
susceptible to manufacturing error and parasitic capacitance.

According to the principle of capacitive sensing, sensors
based on overlap area change can achieve better linearity.
However, the accuracy of this sensor type is highly susceptible
to manufacturing and assembly errors, and multidimensional
force sensors are more prone to generate severe crosstalk. As a
result, the group at Sungkyunkwan University adopted the
distance variation principle to develop highly integrated
multidimensional capacitive sensors [48, 119]. These sensors
reached a better resolution with a miniature size that can be
easily integrated into the distal end of laparoscopic instruments.

Kim et al. proposed a 2-D miniaturized capacitive-based
force sensor consisting of a triangular prism with two sensing
cells to measure the normal and shear forces (Fig. 4-b3)). The
capacitive response of both sensing cells exhibited identical
changes under normal force, whereas they produced different
changes under the shear force. Two proposed sensors were
orthogonally integrated into the two jaws of laparoscopic
instruments to measure the 3-D operation forces and the
grasping force [120, 121]. Moreover, this group developed a 3-
D force sensor consisting of a triangular-shaped sensing PCB
with three electrodes and a grasper body with an embedded
flexure to improve the sensitivity, as illustrated in Fig. 4-b4).
The air gaps between them formed three orthogonal capacitive
sensing units to measure F, F, and F, respectively. This sensor
achieved satisfactory resolution values of 3.8 mN, 1.8 mN, and
2.0 mN within [-5 N, 5 N] for F,, F), and F~, respectively. Two
proposed sensors were integrated into the proximal region of
two jaws to measure the 5-D F/T and supported palpation at the
backside or edge of the grasper. Ex-vivo experiments with
electro-cautery tasks were conducted utilizing the surgical robot
S-Surge (Fig. 4-b7)) equipped with this sensing grasper [48, 69,
122, 123]. Both highly integrated sensor designs enabled direct
measurement of interaction forces and torque. However, the
former design lost the functional surface of the surgical
instrument, while the latter led to an increase in the graspers’
size.

To preserve the grasper’s original function and shape, Lee et
al. designed a 3-D distal force sensor integrated into the wrist
to measure instrument forces and developed another 1-D torque
sensor integrated into the proximal driving unit to indirectly
estimate grasping force (Fig. 4-b5)). The force sensor
comprised three fan-shaped electrodes and one circular
electrode, forming three sensing units and achieving the 3-D
force measurement. Similarly, the proximal torque sensor

estimated the distal grasping force by measuring the distance
variation between the PCB’s electrode and the elastic metal
body, which is generated by the cable tension. However, their
linear measuring ranges were restricted to [0, SON-mm], [0, 1
NI, [0, 1 NJ, and [0, 1.6 N], respectively [66, 119, 124, 125].
Furthermore, Kim et al. developed a sensing probe by installing
a miniature 6-D capacitive sensor with 8 sensing cells. These
sensing cells were composed of 8 positive electrodes integrated
into the edges of a sensing PCB, a shared negative electrode
based on a deformable flexure, and the dielectric involved 8
parallel and orthogonal air gaps sandwiched between the
electrodes (Fig. 4-b6)). The capacitance values of the 8 sensing
cells exhibited different variations under 6-D F/T, which
theoretically avoided crosstalk. Ex-vivo experiments were
conducted using the S-Surge robot equipped with this sensing
instrument, demonstrating its ability to accurately identify
organizations with different stiffness values and cancerous
regions [126].

Overall, the capacitive-based sensors offer several benefits,
including simple and compact structure, low cost, high
sensitivity, and insusceptibility to environmental factors such
as temperature, humidity, and magnetic field, making them
suitable for the complex environment of RALS. However, this
type of sensor suffers from a limited measurement range, poses
challenges for multi-axial force measurement due to the
crosstalk and parasitic capacitance, as well as requires excellent
packaging and high-precision manufacturing to guarantee
accuracy and reliability. The performance summary of
capacitive-based sensors for laparoscopic instruments is listed
in Table III.

D. Optical Fiber-based Force Sensing

Optical fiber-based sensors have attracted a surge of attention
for force sensing on RALS [7, 127-129], owing to the superior
advantages such as miniature size, excellent sensitivity,
insensitivity to EMI, strong corrosion resistance, satisfied
biocompatibility, etc. The optical fiber-based force sensing
techniques for RALS mainly employ three types: LIM-based,
wavelength modulation-based, and phase modulation-based
[130, 131]. The phase modulation-based sensors were typically
utilized for the 1-D force measurement at the tip of surgical
needles. These implementations commonly require the solid
central part to carry the reflective mirror, making it challenging
to pass driving wires in the instrument shaft, and limiting their
practical applications [57, 58, 132, 133]. Therefore, this section
will focus on LIM-based force sensors and FBG-based force
Sensors.

1) LIM-based Force Sensing

Peirs et al. introduced the first FOS for RALS in 2004. They
employed a sensing flexure with four identical parallelograms
that exhibited distinct deformations under axial and radial
forces, enabling the 3-D force measurement (Fig. 5-a)). Three
optical fibers were arranged at 120° intervals in the proximal
part, and their shared reflective surface was attached to the
distal part to measure the force-induced deformation of the
flexure through the reflected light intensity. This sensor was
integrated into the wrist of a laparoscopic instrument and
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TABLE III
SUMMARY OF CAPACITIVE-BASED FORCE SENSORS FOR LAPAROSCOPIC SURGERY
Authors Year Igzefarg(t;d Sensing DoFs Experiments Range Sensitivity Resolution Characteristics Size
Howe et al. Palpation Noise level: <1 mN
[107-109] 1994 probe 1 Model 0-2N N/A N/A Max frequency: 16 Hz 20 mmx20 mm
Ottermo et 2006 Palpation | Ex-vivo 0-0.7 MPa N/A N/A Localization resolution: 30 mmx8 mm
al. [112] probe 2 mm
Pe'[‘flelt] al 5009 N/A 1 Calibration 0.1-0.5 MPa N/A 0.1 MPa (5 mN) N/A 10.2 mmx10.2 mm
Trejosetal. 559 Palpation 1 Ex-vivo 0-14 MPa N/A N/A N/A 35 mmx10 mm
(113, 114] probe
Payder et al. o Min. error: 2.1% 2 2
[110] 2012 N/A 1 Calibration 0-40 N N/A N/A Max frequency: 20 kHz 1 mm® and 9 mm
Lee et al Fy: 11.6 fF/N
[47] ) 2013 Grasper 3 Calibration 0-11.7N Fy: 10.8 fF/N N/A N/A 13 mmx5 mm
F,: 7.5 fF/N
Naidu et al Palnati Localization resolution: 49 mmx10 mmx2.5
[1'1 s 11 o 2016 e 1 Ex-vivo 25-150 kPa N/A 1kPa 2 mm mm /30 mmx8
’ P Max frequency: 30 Hz mmx2.5 mm
RMS error:
Fy£25N Fy: 42 mN Fy: 1.23%, Fy: 1.58%,
Kim et al. Fy 45N Fy: 58 mN F,: 1.34%, F,: 1.56%
20,1217 2010 Grasper 4 Model F,:425N N/A F,: 72 mN Hysteresis: N/A
Fg: 5N Fg: 46 mN Fy: 1.96%, Fy: 2.16%,
_______________________________________________________________________________________________________________________________________ Fp203%Fel78%
Dai et al Fy: 0.598 fF/N Fy: 268 mN 1 15 0.6
[11;e113] 2017 Grasper 3 Model 0-12N F,: 1.038 fF/N F,: 127 mN Max frequency: 109 Hz mm mmmm :
> F,: 25.3 fF/N F,: 4 mN
Kim et al. F.: 3.8 mN Re::af‘;egif"“
[48, 69, 122, 2018 Grasper 5 Ex-vivo +5N N/A Fy: 1.8 mN F..2 2X.%.F ?’1 39 N/A
. ye & , bl L
,,,,,, W 2OmN Maxfrequency:430Hz
. Relative error:
Kim et al Instrument Forpcrtz)sr. iIC..O N Forces: 0.21 mN Force:5.5%
: 2018 N 6 Ex-vivo K que: N/A Torque: Torque: 2.7% ¢10 mmx10 mm
[126] shaft Ty, Ty: £20 N-mm .
T 410 N-mm 0.35 N'mm Hysteresis: 1.52%
e Max frequency: 434 Hz .
Lee et al. Inst " E" 1 E Hysteresis: ¢1;0rce j&;l;sor:
(66,119,124, 2020 MR 4 Model E 16N N/A N/A Fy: 2.6%, Fy: 2.2%, AN
125] L F,: 1.3%, Torque: 1.6% q i

Torque: 50 N-mm

$16 mmx10 mm

F,-Grasping force.
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Fig. 5. Development of LIM-based force sensors for laparoscopic surgery. a) 3-D force sensor based on four identical parallelograms flexure [134], © 2004 Elsevier;
b) 3-D force sensor based on monolithic tripod flexure [135], © 2012 IEEE; ¢) Sensing probe with 14 elements [136], © 2014 IEEE; d) Grasping force sensor
integrated into a jaw [56], © 2020 IEEE. All figures are reprinted with permission of the corresponding references.

achieved the measurement ranges of [0, 2.5 N] for axial force
and [0, 1.7 N] for radial forces, but the manufacturing error
limited its resolution to 40 mN [134]. Puangmali et al. adopted
the same fiber configuration to achieve the 3-D force
measurement and additionally integrated a reference fiber to
compensate for optical signal variations resulting from fiber
bending, intensity drifts, and environmental temperature (Fig.
5-b)). A monolithic flexible tripod structure as the sensing
structure was arranged symmetrically around the central axis of
the instrument, providing axial flexibility while maintaining
torsional and lateral stiffness. Benefiting from the improved
flexible structure, this sensor achieved a resolution of 20 mN at
an axial force range of +3 N and a radial force range of £1.5 N
[135]. Furthermore, in contrast to the above-mentioned two
sensors that achieve 3-D force palpation at a single point, Xie
et al. proposed a probe head (Fig. 5-c)) equipped with 14
sensing elements to detect tissue abnormalities based on the
force spatial distribution. Each sensing element consists of a
transmitting and a receiving fiber to perceive light intensity
variations and obtain the applied force information. However,
the measurement range of the sensing elements was limited to
[0, 0.5 N] with a resolution of 50 mN. Both phantom and ex-
vivo tissue experiments validated the probe's ability to generate
high-resolution stiffness maps and precisely locate the tumor
[55, 136, 137].

In addition to integrating the LIM-based sensors into the
wrist of the instruments, Bandari et al. developed a miniaturized
LIM-based sensing grasper (Fig. 5-d)). A single-mode optical
fiber was attached to a substrate located on the lower jaw of the
grasper. The grasping force was applied to the optical fiber
through the indenter under the substrate, bending the optical
fiber and producing a power loss [56]. Besides, benefiting from
the advantages of miniaturization size and high accuracy, the
LIM-based sensors can also be integrated into catheter tips for
1-D or 3-D force measurement [54, 138]. The LIM-based
sensors offer the advantages of simple structure, cost-
effectiveness, and ease of implementation, rendering them

widely utilized for measuring tool-tissue interaction force,
torque, and pressure. However, the accuracy and repeatability
of these devices are easily affected by variations in input light
intensity and fiber bending loss [35, 139].
2) FBG-based Force Sensing

Miiller et al. introduced the first application of FBG-based
F/T sensors for robot-assisted laparoscopic instruments in 2009.
Inspired by the Stewart parallel platform, this sensor utilized a
thick-walled pipe structure as sensing flexure and suspended a
fiber embedded with 6 FBG elements as six links around the
flexure (Fig. 6-al)). The applied F/T can induce a relative
deformation between two plates, resulting in strain change on
the internal linkages. By measuring the strain in these links, it
is possible to calculate the 6-D F/T exerted on the sensor based
on stiffness and calibration matrix [140]. Kim et al. utilized a
similar approach to develop a 6-D F/T sensor, as depicted in
Fig. 6-a2). They adopted a slender cylinder to connect the upper
and lower platforms, improving the F/T resolution values to 15
mN and 5 N-mm, respectively [141]. Haslinger et al. devised a
miniaturized and compact 6-D F/T sensor based on a parallel
Stewart mechanism and attached six FBG elements on the six
links with an additional FBG element for temperature
compensation (Fig. 6-a3)). Moreover, the fully encapsulated
design enabled this sensor to satisfy the requirements of
biocompatibility and sterilizability [142]. Despite these
Stewart-based sensor designs being able to easily implement 6-
D F/T measurements with high stiffness and simple
configuration, they have not been integrated into laparoscopic
instruments for practical applications due to negative factors
such as low sensitivity, non-linearity, crosstalk, or hysteresis.

Adopting different types of flexible beams and their
variations as sensing flexure is a typical and essential design
method of force sensors for RALS. Song et al. directly attached
four FBGs to the four vertical beams that were distributed
around the wrist of the laparoscopic manipulator to determine,
F,, M, and M,, (Fig. 6-a4)). This sensor was integrated into a 7-
DoF robotic manipulator and achieved a resolution of 50 mN
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within 10 N, but with a large maximum error of 100 mN due to
the interference from driving cables [143]. However, as a result
of the high axial stiffness of the instrument shaft, it is essential
to separately design axial-force sensing structures with a lower
stiffness value to improve the sensitivity and accuracy of F,.
Wang et al. [64] combined an axial force sensing zone with two
notches perpendicular and a radial force sensing zone based on
three flexible vertical beams in a serial configuration (Fig. 6-
a5)). Du et al. [144, 145] employed the cross beam and four
vertical flexible beams to measure axial and radial forces,
respectively (Fig. 6-a6)), extending the measuring range to [0,
11 NJ with a small linearity error of 0.6% and low hysteresis of
0.3%.

Furthermore, the mechanism-based approach to designing
force-sensitive flexure for sensors was employed by Tianjin
University, allowing sensors to achieve more comprehensive
performances. The rigid body replacement method [146] was
utilized to enable flexures to inherit properties of the original
rigid mechanisms. Lv et al. proposed a compact 1-D force
sensor composed of a miniature force-sensitive parallel
structure with four flexure hinges prototyped from the Sarrus
mechanism (Fig. 6-a7)). This design achieved an excellent axial
force resolution of 2.55 mN with a low crosstalk error of 2.3%,
owing to its unique 1-DoF configuration along the z axial [65].
To enhance the measurement range, this group [147] developed
another 1-D distal force sensor consisting of 6 miniature and
parallel flexural links and two plates to replace the rigid Stewart
platform (Fig. 6-a8)), inheriting the robust load capability of the
original mechanism and achieving an extensive measurement
range of [0, 12N]. Two miniature FBG-enabled torque sensors
for MIS robots have also been developed with specially
designed torque-sensitive flexure based on this principle and
achieve high sensitivity values [148, 149]. These merits have
been extended to design force-sensitive or force-displacement
flexures for FBG-based wearable or handheld sensors to
monitor physiological signals [150-152]. Furthermore, utilizing
the freedom and constraint topology (FACT) method, Tang et
al. proposed a 3-D force sensor with an axial and radial force-
sensitive structure in a serial connection [35]. The axial force-
sensing structure adopted a double-layer cross-beam, while the
radial force-sensing structure comprised four spatial linkages
along the edge direction of a spatial tetrahedral (Fig. 6-a9)).
This sensor theoretically eliminated the crosstalk between axial
and radial forces, with simulation indicating a maximum
crosstalk of 2.24%. Experimental results demonstrated
excellent resolution values of 1.18 mN and 1.81 mN in Fy, F,
within [-5 N, 5 N, and 2.61 mN in £ within [0, 5 N].

The aforementioned sensors are specifically designed for
integration into the distal end of surgical instruments’ shafts to
accurately measure instrument forces or perform palpation.
Additionally, there exist various FBG sensors that are dedicated
to directly measuring the tool-tissue interaction forces while
surgeons manipulate scissors or graspers. Callaghan et al. first
presented a sensing scissor by directly bonding a single FBG
element at the proximal location of a tapered manual blade (Fig.
6-b1)). This sensing blade achieved a resolution of 0.5 N within
[0, 30 N], supported measuring blade-tissue interaction forces,

and avoided interfering with blade operational function during
surgery [71, 153, 154]. Fattahi et al. utilized a similar method
that mounted two FBG fibers at the outer side of the grasper jaw
to measure the grasping force and employed an additional FBG
element for temperature compensation (Fig. 6-b2)). However,
this research was mainly conducted in simulation rather than
the actual implementation [155].

Instead of directly pasting the FBG element on the scissors
or graspers, the sensor sensitivity can be further enhanced by
implementing flexure. Christoph et al. [156] utilized two
trapezoidal structures as sensing flexures to measure the
grasping and spreading forces; each flexure was equipped with
a suspended FBG element (Fig. 6-b3)). Zarrin et al. proposed a
sensing grasper featuring a T-shaped jaw and incorporating a
parallel grooved flexure in the proximal region of the jaw (Fig.
6-b4)). Two FBG elements were arranged to the jaw’s distal
region and grooved flexure to measure the grasping and pulling
forces, respectively [157, 158]. The grasping force and axial
force measurement sensitivity of this sensor reached 15.5 pm/N
within [0, 10 N] and 6 pm/N within [0, 6 N], respectively.
However, it is susceptible to crosstalk from other directions,
producing challenges for performing high-precision operations.
Moreover, the variable grasping positions during grasping soft
tissue significantly affect the accuracy of these designs. To
tackle the above issues, Sun et al. [68] proposed a force-
sensitive grasper with bridge-type flexure that linearly
transformed and amplified the vertical force applied to the
grasper surface into an axial deformation of the FBG element
integrated along the flexure centerline, as illustrated in Fig. 6-
b5). This sensor has been integrated into a self-made surgical
grasper and exhibited excellent load-bearing capacity and anti-
interference ability [159]. The calibration experiments have
demonstrated similar sensitivities of 56.2 pm/N, 51.1 pm/N,
and 47.5 pm/N for three different grasping positions within [0,
10 N], and both ex-vivo and in-vivo animal experiments for
tissue detection and grasping have validated the efficacy of the
designed sensor.

Additionally, Xue et al. employed an indirect measurement
approach that integrated sensors into the driving unit to estimate
the force exerted on the RALS instrument. The proposed sensor
consisted of six cantilevers with cable-housed canals, and each
cantilever was equipped with an FBG element attached to its
groove, enabling measurement of minimal deformation caused
by cable tension. The calibration experiment indicated that this
sensor could measure cable tension values of up to 68.6 N with
a sensitivity of 83.8 pm/N, but suffered from a relatively high
linearity error due to the poor stress-strain linear relationship of
the adopted Polyamide material [40].

FBG utilizes the wavelength modulation methodology,
which offers the benefit of insensitivity to input light sources
and fiber bending loss. The advantages of high sensitivity,
excellent linearity, and support for multiple-point detection also
make FBG-based sensors more promising for widespread
development and application in force sensing for RALS.
Consequently, FBG-based sensors are also extensively utilized
in retinal microsurgery [160-163], robotic catheterization [164-
170], physiological signal measurement [151, 171-173], and

This article has been accented for nublication in IEEE Transactions on Medical Robotice and Bionice This is the author's version which has not been fullv edited and



14
> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

a): FBG-based sensors integrated into instrument shafts

a3)
Links with -
FBG
elements | E:>
. Protective ~ Optical Steel
g tubing fiber with capillary
: Temperature FBG

: FBG element

Radial force
sensing zone Cross beam

Axial force

i Flexible
sensing zone beams
Sensing ¥

structure

Electrocoagulation
equipment

:— = | Contact
Stewart o [ I } head
structure ! |

|

Fiber :
Sl

|

|

Sarrus
mechanism

with FBG

Rigid body

replacement method @ Cantilever

beam-based
structure

Sarrus-based
flexure

- Radial
: structure

b1)

Friction and
fracture forces

Trapezoidal
= structure

Sensor

oy : ; Designed
FEG : - grasper

Fig. 6. Implementation of FBG-based force sensors for laparoscopic surgery. al) 6-D F/T Stewart inspired sensor based on a thick-walled pipe structure [140], ©
2009 Taylor & Francis; a2) 6-D F/T sensor utilizing a slender cylinder [141], © 2016 Springer ; a3) 6-D F/T sensor equipped with 6 fully encapsulated links [142]
© 2013 IEEE; a4) Four vertical beams-based 3-D force sensor for the 7-DoF robotic manipulator [143], © 2011 American Institute of Physics; a5) 3-D force sensor
based on two notches perpendicular and vertical beams [64], © 2021 IEEE; a6) 3-D force sensor based on the cross beam and four vertical flexible beams [145],
© 2022 IEEE; a7) 1-D palpation sensor with Sarrus-based flexure [65] © 2019, Biomedical Engineering Society; a8) 1-D force sensor with Stewart-inspired flexure
and cantilever beams [147], © 2020 IEEE; a9) 3-D force sensor developed by the FACT method [35], © 2022 IEEE; b1) Sensing manual blade [153], © 2011 IOP
Publishing; b2) Simulation of a sensing grasper with FBG elements mounted at the jaw [155], © 2011 IEEE; b3) Sensing grasper based on the trapezoidal structure
[156], © 2014 SPIE; b4) Sensing T-shaped jaws [158], © 2018 IEEE; b5) Sensing grasper based on the bridge-type flexure and the in-vivo experiment [68], ©
2021 IEEE. All figures are reprinted with permission of the corresponding references.
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TABLE IV
SUMMARY OF FBG-BASED FORCE SENSORS FOR LAPAROSCOPIC SURGERY
Authors Year Integr‘:}ted Sensing Experiments Range Sensitivity Resolution Characteristics Size
Location DoFs
F.: 0-10 N Fy: 19 pm/N Fy: 211 mN
Fy: 0-10 N Fy: 30 pm/N Fy: 133 mN
Miiller et al. . . F,: 0-20N F,: 42 pm/N F,: 95 pm/N 10 mmx10
[138] 2009 N/A 6 Calibration M,: 0-20 N-cm M,: 37 pm/Nem M,: 108 mN-cm N/A mmx10 mm
M,: 0-14.2 N-cm M,: 30 pm/Ncm My: 133 mN-cm
M,: 0-9.8 N-cm M,: 80 pm/Ncm M,: 50 mN-cm
Somgetal. 55y Instrument 3 Calibration 0-10N N/A 50 mN Max error: 0.1 N N/A
[141] shaft
Callaghan et al. .
70, 146, 147] 2011 Scissor 1 Model 0-30 N N/A 0.5N N/A N/A
Fy: £6.879 N
F,: +6.879 N Max crosstalk:
Haslinger et al. . . F,:-6.915-0N F,: 1.8517N
[140] 2013 N/A 6 Calibration M,: +59.34 N-mm N/A N/A M,: 6.5657 N-mm $#6.4 mmx6.5 mm
My: £59.34 N-mm Max frequency: 2500 Hz
M,: £49.53 N-mm
Chr‘s[tl"f;; etal. 5514 Grasper 2 Calibration 0-6 N 91 pm/N N/A N/A N/A
. . . Force: 10 N Force: 66.7 pm/N Force: 15 mN
Kim et al. [139] 2016 N/A 6 Calibration Torque: 100 N'mm  Torque: 0.2 pm/Nmm Torque: 5 N'mm N/A $#10 mmx12 mm
”””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””” RMS error:
Zarrin et al. 2018 Grasper 5 Calibration Fy: 0-10N Fy: 15.5 pm/N Fy: 64.4 mN F 0"12_17}]2;1;;3'50 N N/A
[150, 151] F.. 0-6 N F.: 6 pm/N F.: 166.5 mN F,: 0.04 N; F,: 0.3 N
... Mafrequency:100Hz
Xue et al. .. . S . . .
38] 2018 Driving unit 1 Calibration 0-68.6 N 83.8 pm/N 140 mN Linearity error: +5.57% N/A
LV[ g:]“' 2020 Im;‘g"m 1 Ex-vivo 0-5N 392.17 pm/N 2.55mN Linearity error: 0.97% # 5 mmx4.9 mm
Shiet al. [145] 2020 Im;‘g"m 1 Calibration 0-12N 47.06 pm/N 21 mN Linearity error: 0.14% $20 mmx65 mm
 Wangetal - Insument Fe7726pmN Feld3mN
[§3] : 2021 haft 3 Model 0-2N F,: 81.98 pm/N Fy: 9.7 mN Max error: 0.1667 N $10 mmx16 mm
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e Fi808pmN  E:B8mN
Sun et al. . . . . o
67] 2021 Grasper 1 In-vivo 0-10N 56.2 pm/N 17.8 mN Linearity error: 0.37% N/A
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Linearity error: 0.61%
Du et al. Instrument . Hysteresis: 34.986 mN
(142, 143] 2022 shaft 3 Ex-vivo 0-10N 58 pm/N 17.242 mN Repeatability: 62.901 mN N/A
e Staticermor 94539 mN_
Inst t Fo+5N Fy: 846.33 pm/N Fo: 1.18 mN
Tangetal. [34] 2022 nssggen 3 Ex-vivo F,: 5N F,: 553.95 pm/N F,: 1.81 mN Max linearity error: 1.55% $10 mmx29.5 mm
F,:0-5N F,: 383.79 pm/N F,:2.61 mN

F,-Grasping force; F,-Axial force.
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other medical applications [62, 131, 174]. These applications
are not the focus of this paper and will not be discussed further.
Nevertheless, the FBG-based sensors, especially for muti-
dimensional measurement, require a substantial investment for
the optical spectrum interrogator with multiple channels. The
performance summary of various FBG-based sensors is listed
in Table IV.

II1. CONCLUSION AND OUTLOOK

This review summarizes the early research, starting
implementations, and recent advances and applications in
force-sensing techniques for RALS. Force-sensing techniques
are indispensable for laparoscopic surgical robots to improve
surgery quality, mitigate tissue damage from excessive
operating forces, and facilitate training for novice surgeons
[27]. Despite considerable advances and achievements in
implementing various force sensors, it remains challenging to
miniature sensor size, achieve multidimensional force
decoupling measurements, and integrate sensors well into
surgical instruments for RALS with high accuracy,
measurement stability, excellent biocompatibility, and
packaging [175]. Until now, there are almost no commercially
available miniature force sensors to achieve robust integration
with surgical instruments and support further seamless
integration into the current clinical workflows [15]. To address
the current issues and fulfill the specific design requirements of
the force sensors for RALS, the future design can incorporate
the following three essential factors: the sensing element, the
integration position, and the force-sensitive structure.

For sensing element selection: The force sensors for RALS
typically utilize strain gauge-based, capacitive-based, and
optical fiber-based principles. Although various sensing
principles and their trials on different integration positions have
benefits and drawbacks, FOS represented by FBG-based
sensors are more advantageous in developing highly integrated
RALS instruments regarding miniature si

ze, excellent sensitivity, high biocompatibility, absence of
electrical connection, and insensitivity to EMI and corrosion
[60]. Furthermore, the average cost of the FBG interrogator will
be significantly reduced with the possible usage of FBG-based
sensors in bulk production.

For integration position determination: Various developed
sensors have been integrated into the driving unit, the
instrument shaft, and the end effector. Sensors located closer to
the distal end of surgical instruments are typically subject to
less friction, inertial forces, and F/T amplification and are easier
to achieve high accuracy [7]. Despite this type of sensor
suffering from the strictest requirements of miniaturization,
sterilization, and packaging, integrating miniature sensors into
the wrist or end-effector is more promising for achieving direct
measurement of interaction forces with desirable accuracy. The
temperature compensation and packaging methods are also
developed to satisfy biocompatibility requirements and
withstand sterilization cycles [106, 142].

For force-sensitive structure design. It is worth noting that
the force-sensing structure is another crucial part but is easily
ignored, apart from the sensing element and the integration

position. The grooved structure is a straightforward way to
reduce stiffness and improve sensitivity [126]; however, such
structures are highly susceptible to significant crosstalk in
multidimensional force sensors. The combination of vertical
and horizontal beams, especially for Maltese cross beams, is
widely adopted in multidimensional sensor design, and their
corresponding  crosstalk-resistant methods have been
extensively developed [145]. Nevertheless, such sensing
structures are usually complicated and unsuitable for
installation at the distal end of miniature and highly integrated
instruments for RALS. Subsequently, force-sensitive structure
design from the mechanism perspective is adopted for
expecting superior sensor performance. The rigid-body
replacement method utilizes flexible hinges to replace the
original rigid joints from advanced mechanisms, such as
parallel mechanisms, forming miniature force-sensitive
flexures [146]. FACT is a mechanical design framework
offering a vector spaces library with visual representations to
guide the analysis and synthesis of flexible systems. This
method facilitates designers to quickly and accurately obtain
the configuration of the force-sensitive structures based on
desired DoF requirements [35]. Furthermore, topology
optimization can be applied as a practical design methodology
that aids designers in obtaining novel force-sensitive structures
with specific functions by seeking the optimal topology or
material connection from the initial structure [176]. From the
mechanism perspective, the force-sensitive flexure design
method has the potential to miniature sensor design and
improve sensor performances, including resolution, decoupling
multidimensional ~ measurement, and  anti-interference
capability [177, 178]. Combining this method with the selection
of the FBG sensing element can probably provide part of the
framework and general guidelines or solutions for multi-axial
miniature force sensor designs for RALS.

In summary, the selection of sensing elements depends on
the currently available sensing principles based on physical,
chemical, and even biological phenomena [42]. With the
development of fundamental research, the discovery and
breakthrough of these sensing phenomena can make
outstanding contributions to improve sensor performances in
terms of measurement sensitivity and range, biocompatibility,
and miniaturization. The force-sensitive structure design from
the mechanism perspective facilitates sensor miniaturization,
enables multidimensional force decoupling, and enhances
sensor performance indexes, including improved sensitivity,
exceptional linearity, depressed crosstalk, and increased
measurement range [35]. Moreover, MEMS-based sensors
typically comprise microelectronic components responsible for
sensing and data processing, as well as minimum mechanical
components providing physical feedback, featuring excellent
prospects in miniature sensors owing to their small size, low
power consumption, ease of integration, and batch fabrication
[179]. The existing novel manufacturing techniques, such as
high-resolution additive manufacturing and laser machining,
can effectively fabricate miniature and compact force-sensing
flexures with different materials [180]. Consequently, these
techniques support convenient sensor fabrication and
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integration at the distal part of the highly integrated instrument.
More miniature force sensors with high performances could be
developed to realize seamless and effective integration into the
surgical instruments, support sophisticated operations for even
microsurgery, and further enable improved and new clinical
workflows.
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