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ABSTRACT Minimally invasive surgery (MIS) incorporates surgical instruments through small incisions
to perform procedures. Despite the potential advantages of MIS, the lack of tactile sensation and haptic
feedback due to the indirect contact between the surgeon’s hands and the tissues restricts sensing the strength
of applied forces or obtaining information about the biomechanical properties of tissues under operation.
Accordingly, there is a crucial need for intelligent systems to provide an artificial tactile sensation to MIS
surgeons and trainees. This study evaluates the potential of our proposed real-time grasping forces and
deformation angles feedback to assist surgeons in detecting tissues’ stiffness. A prototype was developed
using a standard laparoscopic grasper integrated with a force-sensitive resistor on one grasping jaw and
a tunneling magneto-resistor on the handle’s joint to measure the grasping force and the jaws’ opening
angle, respectively. The sensors’ data are analyzed using a microcontroller, and the output is displayed on a
small screen and saved to a log file. This integrated system was evaluated by running multiple grasp-release
tests using both elastomeric and biological tissue samples, in which the average force-to-angle-change ratio
precisely resembled the stiffness of grasped samples. Another feature is the detection of hidden lumps by
palpation, looking for sudden variations in the measured stiffness. In experiments, the real-time grasping
feedback helped enhance the surgeons’ sorting accuracy of testing models based on their stiffness. The
developed tool demonstrated a great potential for low-cost tactile sensing in MIS procedures, with room
for future improvements. Significance: The proposed method can contribute to MIS by assessing stiffness,
detecting hidden lumps, preventing excessive forces during operation, and reducing the learning curve for
trainees.

INDEX TERMS Minimally invasive surgery, laparoscopy, robotic surgery, tactile sensing, force sensor,
angle sensor, stiffness assessment, lump detection.

Clinical and Translational Impact Statement—MIS eliminates the tactile sensation associatedwith touching
internal body organs and tissues. In our preclinical research, we provide a simple approach for force sensing
and stiffness assessment by integrating off-the-shelf sensors with a conventional laparoscopic tool.

I. INTRODUCTION
OVER the past four decades, minimally invasive surgery
(MIS) has significantly evolved to the level of becom-
ing a gold standard approach for various common surgi-
cal procedures, including cholecystectomy, prostatectomy,
hernia repair, and appendectomy [1]. This approach is

characterized by the use of natural orifices or small incisions
to access internal cavities and perform the procedures. MIS
requires specialized surgical instruments with long shafts,
such as endoscopes and surgical graspers. In contrast to the
traditional open approaches, MIS brings numerous advan-
tages to patients, such as reduced pain, shorter recovery times,

2500410

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 10, 2022

https://orcid.org/0000-0003-0429-6171
https://orcid.org/0000-0002-9811-4959
https://orcid.org/0000-0002-0943-509X
https://orcid.org/0000-0003-1122-9698


W. Othman et al.: Stiffness Assessment and Lump Detection in MIS

lower postoperative complication rates, and better cosmetic
outcomes [2].

With the continuous advances of new technologies and
surgical techniques, researchers are keen to explore how
to improve the performance of current surgical instruments
and enhance the experience for surgeons. For instance,
the emerging MIS instrumentation is evolving from sim-
ple 2-dimensional visualization and limited degrees of free-
dom into state-of-the-art devices with improved precision,
3-dimensional visualization, increased dexterity, and user-
friendly designs [3]. Additionally, the recent technological
development of surgical robotic systems brought another
breakthrough to MIS, where the accuracy, speed, preci-
sion, and degrees of freedom, among other surgical neces-
sities, have been improved [4]. With the aid of robots,
MIS made contributions to the field of microsurgery con-
cerning critical organs, e.g., the reproductive organs, eye,
and brain [5]. Such an application shows the promising
potential of MIS and its compatibility with technology
augmentation.

From the surgeons’ perspective, the lack of tactile sen-
sation in MIS due to switching from the direct interaction
between the surgeon’s hands and tissues to an indirect contact
using MIS instruments remains a challenge that may limit
the surgical operations [6]. In fact, the tactile sensation is
essential for safely maneuvering organs, tissues, and sutures,
as well as getting reliable information about the thickness and
texture of the tissues. The tactile sensation is also valuable
for assessing the stiffness of organs through palpation, which
proved useful for tumor detection [7]. In that sense, MIS
surgeons are limited in their perception of the intensity of
actual forces applied on the tissues. As a result, they lack the
required information about the biomechanical properties of
tissues in order to assess their health condition. Additionally,
the fact that having many different MIS instruments makes
it difficult to develop a common intuition or anticipation of
applied forces.

The demand for artificial tactile sensing in MIS has
further escalated with the growing popularity of robot-
assisted minimally invasive surgery (RMIS) [8]. Surgical
complications may occur if excessive forces that lead to
organ damage are unintentionally applied, resulting in tis-
sue rupture and internal bleedings [9]. As a consequence,
some experts argue that there were no significant benefits
with RMIS. Such opinions stem from the fact that cur-
rent MIS systems lack effective feedback mechanisms to
provide tactile and haptic sensations based on the surgical
parameters [4].

As a response, many scientists attempted to develop engi-
neered tactile sensation by integrating force sensors at dif-
ferent locations of the MIS instruments, such as at the end
effector [10], on the shaft [11], or at the base [12]. While
doing so, both electrical and optical tactile sensing princi-
ples were investigated for MIS tactile sensing [13], yet, the
development of artificial tactile sensation for MIS is still an
ongoing research trend.

Among the various optical sensors, many studies reported
using fiber Bragg grating (FBG) force sensors in MIS
graspers [14], [15] and micro-end effectors [16], [17]. The
concept behind these sensors is monitoring the grating pitch
changes as a result of straining the base material, which is
equipped with FBG sensors. In addition to this wavelength
modulation, other categories of optical sensors can monitor
either the intensity [18] or phase [19] of the light transmitted
through optical fibers. Although offering high accuracy and
sensitivity, optical sensors are expensive and hard to use
in medical applications due to requiring optical spectrum
analyzers, sophisticated software, and rigorous mathematical
models to estimate the magnitude of a force [20].

On the other hand, the electrical-based force sensing prin-
ciples are the most commonly used inMIS tactile sensing due
to their low cost, simple circuitry, and ease of fabrication [13].
In this context, the recent developments in micro-electro-
mechanical systems (MEMS) have revolutionized the tactile
sensing field. Through photolithography and microfabrica-
tion approaches, silicon-based MEMS sensors and actuators
can be miniaturized to the micron level and manufactured
in batches with excellent signal-to-noise ratios [21]. Con-
sequently, several MEMS-based force sensing devices were
focused on the MIS application.

For example, polyvinylidene fluoride (PVDF)
MEMS-based sensors were investigated for MIS use [22],
[23]. The PVDF sensors can cover the entire surface of the
grasping tip to capture the magnitude and position of applied
forces and measure the compliance of grasped tissues [24].
However, there are quite a few issues concerning such
piezoelectric-based sensors, as they require charge amplifiers
and complicated electronics setup while being limited to
measuring dynamic loadings [25]. Similarly, capacitive and
piezoresistive MEMS-based force sensors were considered
for integration with MIS tools, but issues with hysteresis
and flexibility are present [26]. A comprehensive review of
conventional and emerging tactile sensors for MIS can be
found in our recent review paper [27].

As a commercially available substitute for Silicon
MEMS-based force sensors, force-sensitive resistors (FSRs)
are thin and flexible devices that rely on the force-induced
resistance change of a piezoresistive sheet to measure the
magnitude of applied forces [28]. Common FSRs are either
‘thru mode’ or ‘shunt mode’; both available as off-the-shelf
sensors. Shunt mode sensors involve two sensing electrodes
with interlaced traces placed on top of a resistive ink-coated
membrane [29]. Applied forces tend to increase the contact
between the resistive layer and electrodes and, correspond-
ingly, decrease the electrical resistance. Alternatively, thru
mode FSRs consist of a thin pressure-sensitive layer sand-
wiched between twometallic sheets [30]. The electrical resis-
tivity of the intermediate piezoresistive layer decreases under
loading, and the amount of resistance change corresponds to
the magnitude of applied forces. Between the two, thru mode
shows enhanced performance in terms of linearity, sensor
drift, and dynamic measurement accuracy [31].
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Compared to other force sensors, off-the-shelf FSRs are
cheaply available and can be used as plug-and-play with
MIS tools. In addition to being disposable, these commer-
cially available sensors are flexible and can accommodate
different sizes and shapes of grasping jaws. Also, they have
an extensive working range and can measure from milli-to
tens of newtons. Besides, tunneling magneto-resistors (TMR)
are standard off-the-shelf angle sensors that measure the
rotational angle based on the change in the magnetic field
orientation of a rotating magnet on top. TMRs are widely
utilized for applications requiring quick and reliable angle
measurements [32].

In this work, we propose a simple approach for MIS tactile
sensing based on Hooke’s law and modulus of elasticity, E .
As per the mechanics of materials, the stiffness can be found
by studying its force (stress) vs deformation (strain) charac-
teristics [33], see Fig. 1(a). Basically, soft materials undergo
higher deformation than the harder ones with respect to the
same force. Objects with high stiffness tend to resist the defor-
mation more, requiring higher force magnitudes to deform as
much as objects with lower stiffness.

By measuring and analyzing the grasping forces and
angles, we can easily predict the stiffness of grasped objects,
as illustrated in Fig. 1(b). Therefore, we integrate a com-
mercially available laparoscopic tool with two off-the-shelf
sensors; an FSR located at one of the grasper jaws and a TMR
positioned on the tool’s handle (off-surgery site). Together,
the two sensors provide feedback on the relative stiffness of
grasped objects. This simple concept in mechanics can be
powerful in translational engineering in medicine.

This work proves that conventional surgical tools can be
made smart with force feedback features, on-demand, and
in plug-and-play format. By having libraries of the available
force and angle sensors in the market, specific sensors can
be matched and integrated seamlessly with specific laparo-
scopic tools on-demand, based on the surgery, patient, and
surgeon—a LEGO-like approach.

This paper is organized as follows. Section II presents the
design and assembly of the integrated system, specifications
of the two off-the-shelf sensors, experimental setup, and
preparation of samples. Section III presents and describes the
results. In Section IV, the strengths and limitations of this
study are highlighted, and future work is discussed. Finally,
we conclude this paper in Section V. A preliminary version
of this work has been reported [34].

II. METHODS AND PROCEDURES
Here, we present the integration of a universal laparoscopic
grasper with off-the-shelf sensors. As surgeons rely on long
surgical instruments to reach internal body tissues through
small incisions, there is an overwhelming number of available
laparoscopic tools on the market, each designed for a specific
task and surgical operation. In this study, we targeted the
standard laparoscopic grasping forceps as one of the most
commonly used tools in MIS. The two grasping jaws at the

FIGURE 1. (a) COMSOL Multiphysics R© simulation showing the
cross-sectional deformation of two ellipsoid 3-D objects with different
stiffness induced by the same amount of vertically applied force (softer
object on the left, E = 3.35 MPa, and stiffer one on the right, E =

6.7 MPa). (b) Schematic of the grasping tip of surgical forceps acting on
two objects with different stiffness. The initial angle when the grasper is
fully open is zero. When the jaw closes, the value of the angle increases.
In case 1, the same amount of applied force induces higher deformation
in the soft material. In case 2, reaching the same deformation level
requires a higher amount of applied force on the hard object.

selected forceps end effector are 6 mm wide, and the opening
angle is manually controlled via the tool’s handle.

Two commercially available sensors were mounted on the
laparoscopic grasper to measure the grasping force and angle.
In particular, an FSR was installed on one jaw of the grasping
tip for the measurement of applied forces during gripping,
manipulation, and other MIS actions, and a TMR was fixed
off-the-jaws at the pivot (center of rotation) of the tool’s
handle to measure the corresponding jaws’ angle without
interacting with the grasped organs. This eliminates the need
for sterilizations and the biocompatibility of the angle sensor.
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FIGURE 2. Image of the developed ‘smart laparoscopic grasping forceps’ and zoomed-in insets on the different integrated components: the A201
FlexiForce FSR installed on the grasping tip, the ASR002 Smart TMR and rotating magnet integrated on the rotation point of the handle, and the
electrical connections between the Arduino microcontroller and sensors inside the electronics box with an LCD.

The two sensors were connected to an Arduino Uno micro-
controller (Arduino, Italy) that translates the input signals into
meaningful grasping force and angle measurements. Then,
the calculated values are displayed on a small liquid crystal
display (LCD) and recorded in a log file. Fig. 2 presents the
developed tool with figure insets zooming in on the force
sensor, angle sensor, and the electrical connection inside the
electronics acrylic box.

Based on the sensors, the ratio of the force-to-angle-change
during grasping events will be used in this work to obtain
the stiffness index for grasped tissues. This fulfills one of the
main requirements of MIS tactile sensing. Once thriving, this
new integrative LEGO-like concept can be applied to other
fields, such as robotic manipulators.

A. FORCE SENSOR
To measure the applied forces while grasping organs, a thru
mode FSR, serving as a force sensor, was attached to one jaw
of our prototype’s grasping tip. The FSR of choice is Flexi-
Force A201 (Tekscan, USA), with a sensing area of 9.7 mm
and 0.1–111 N working range. This FlexiForce sensor is thin,
flexible, cost-effective, and customizable and can be easily
wired to a data acquisition board through a voltage divider
circuit with minimal power requirements. A decrease in the
electrical resistance Rsensor due to external forces causes a
voltage increase at the divider output node [30].

The measured force can be calculated using:

Fmeans =
(

1
RFSR

× CF
)
− N (1)

where RFSR is the resistance of the force sensor, CF is the
calibration factor, and N is the offset value. This sensor has
better force measurement accuracy than most other off-the-
shelf force sensors [31]. The force sensor was mounted on the
jaw using double-sided adhesive tape, while a 7 mm circular
puck was added on top of the sensor to concentrate the load
onto the sensing area when grasping wide objects. Since the
sensor’s surface area was wider than the jaw, epoxy glue was
used to support the hanging part of the sensor. Later, the FSR
was calibrated to achieve relatively accurate measurements of
actual grasping forces.

B. FORCE SENSOR CALIBRATION
The force sensor went through a calibration process to ensure
the accuracy and consistency of force readings as well as
validate outputs per universal standards [35]. The calibra-
tion process was carried out by applying known loads and
correlating the force sensor reading with the actual test-
ing loads. Quantified loads were applied vertically using
the Instron 5540 Series electromechanical testing system
(Instron Inc., USA) equipped with a 50 N load cell capable of
±0.5% reading accuracy down to 1/250 of the cell capacity
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FIGURE 3. Calibration curve for the FlexiForce A201 sensor showing the
measured outputs from the voltage divider circuit vs applied forces.

(200 mN). Under the Instron load frame, controlled loading
was applied entirely within the sensing area of the sensor at
a slow rate. Once a compressive load of 20 N is reached, the
Instron load frame retracted to its initial level. After repeating
the loading process multiple times, a correlation between
the sensor outputs and the applied forces was obtained by
concurrently updating the calibration factor and the offset
value of equation (1) in the Arduino code. The calibration
curve is presented in Fig. 3, which shows the output voltage
of the voltage divider circuit vs force. This force sensor serves
the purpose of proof-of-concept. Thus, the slight nonlinearity
of the FSR will not impact the stiffness index calculations.
Testing the repeatability and reliability of these sensors is
beyond this study’s scope.

C. ANGLE SENSOR
The opening angle of the jaws was indirectly determined
by measuring the angle of the MIS tool’s handle using an
angle sensor since these two angles are proportional. The
jaws’ rotation is twice the handle’s rotation. In this work,
we only report the rotation angle of the handle. The ‘zero’
angle corresponds to a fully open jaw (initial point), and it
increases as the jaws close. Among the various off-the-shelf
sensors, TMRs are ubiquitous angle sensors that translate the
magnetic field orientation induced by a rotating magnet on
top into a meaningful angle measurement.

We mounted an ASR002 Smart Angle Sensor (NVE Cor-
poration, USA) off-the-jaws onto the fixed part of the handle,
while themagnet was placed on themoving part of the handle.
The resolution of this angle sensor is 0.1o. By having the
force and angle sensors, the stiffness of grasped organs can
be estimated from the ratio of the two grasping parameters,
i.e., force-to-angle-change.

D. PREPARATION OF SAMPLES
After integrating the laparoscopic forceps with smart sensors,
two types of samples were prepared: silicone-based rubber
objects with different stiffness and animal tissue samples.
These samples serve as models to test and characterize our

prototype with a wide range of sample compositions and
sources, including real flesh taken from animal sources.

The elastomeric samples are based on polydimethylsilox-
ane (PDMS), a silicone-based organic polymer widely used
in chemistry andmicrofluidics research laboratories due to its
ease of fabrication, low cost, and biocompatibility. Typically,
PDMS is produced by mixing a pre-polymer base material
(A) with a cross-linker curing agent (B). The mixing ratio of
those two components (A:B) controls the mechanical proper-
ties of the resulting object, where a higher weight percentage
of the curing agent yields a greater material strength.

First, four PDMS mixtures were prepared with a weight of
25 grams and A:B ratios of 10:1, 20:1, 27:1, and 40:1. Then,
each mixture was poured into an individual Petri dish (5 cm
in diameter), filling a 1 cm thickness. Afterward, the four
circular molds were placed inside a 60 oC oven overnight.
Once fully cured, the samples were removed from the mold-
ing dishes and identified as: ‘‘hardest,’’ ‘‘hard,’’ ‘‘soft,’’ and
‘‘softest,’’ with respect to the mixing ratios mentioned ear-
lier. The compression elastic moduli of those samples range
from 1.75 to 0.17 MPa, respectively [36]. These samples are
prepared for the PDMS samples palpation test.

By following the same steps, another set of PDMS samples
(10:1, 15:1, 20:1, 25:1, 30:1) was molded into centrifuge
tubes to form solid cylindrical pieces with 1 cm diameter and
2.5 cm height. These elastomeric cylinder blocks were used
in a semi-clinical experiment, in which three surgeon subjects
were asked to sort them based on their relative stiffness.

In addition to the elastomeric samples, we aimed to test our
prototype against two biological samples. The first animal
samples are represented by chicken meat slices. Initially,
a frozen chicken breast was bought from a grocery store and
left at room temperature for a few hours to defrost. Then,
a total of three samples were prepared with a 1 cm thickness.
A raw and 10-minute pan-fried slices are used in the palpation
test, and a raw portion embeddedwith a small, pan-fried piece
representing a hidden lump is used in the lump detection test.

The other set of animal samples included three digestive
organs, i.e., a stomach, a bowel, and a colon, of a 1-year-old
local sheep obtained from a nearby butcher shop. The purpose
of those sheep samples is to report the typical minimum,
average, and maximum forces applied by an expert laparo-
scopic surgeon during grasping and manipulating organs, in a
way similar to the actual MIS surgical actions. All animal
samples were enclosed by a thin cling plastic wrap to avoid
contaminating the tool.

III. RESULTS
After integrating the sensors and preparing the samples,
different experiments and tests were performed using the
developed smart laparoscopic grasping forceps to validate the
proposed concept and prove the capability and benefits of
our working prototype. Participants with different levels of
experience have participated in this study. For experiments in
subsections A, B, and C, two participants with no experience
in laparoscopic surgery conducted tests on the prototype for
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configuration and validation. The experiments in subsection
D involved three experienced surgeons.

A. PDMS SAMPLES PALPATION
The first set of experiments is basic repetitive grasp-release
events (palpation) carried out on the first set of PDMS sam-
ples shown in Fig. 4(a). These samples have varying hardness
based on varying the A:B mixing ratios at the time of fab-
rication. After running the test, the output signals from the
two integrated sensors were displayed on the same graph as
shown in Fig. 4(b). At each grasp, the angle sensor reflects
the opening angle of the grasping jaws, and the force sensor
measures the amount of normal force being applied. This
result is in agreement with the theory of Young’s Modulus,
which relates the amount of deformation to the magnitude
of the compressive load and the mechanical properties of the
material [37]. Relating this to our study, the toughest sample
(far-right end of the graph) required the most significant force
to reach the same compression angle, and softer ones show
lower force amplitudes. These results were consistent over
repetitive tests.

The variation in force signals among the four samples was
also noticeable while securely grasping them for a while at
a constant angle, as shown in Fig. 4(c). As anticipated, the
softer samples were easily deformed and reached high angle
changes with small magnitudes of applied forces, and vice
versa for harder samples. In addition, the constant grasping
force over time shows the elastic nature of the PDMS.

The stiffness of grasped objects can be estimated by grasp-
ing the object and calculating the ratio of the maximum force,
F , reached during the grasp to the change in angle, 1θ . The
latter is calculated by subtracting the initial angle at which the
sample is in contact with both upper and lower jaws from the
maximum angle reached during that grasp. We refer to this
ratio as the stiffness index, S, given by:

S =
F
1θ

. (2)

Consequently, our prototype allows to remarkably distinguish
between grasped samples based on their estimated stiffness.
In Fig. 4(d), the bar chart shows that the stiffness index
calculated using equation (2) is low for the soft sample and
increases as the sample’s stiffness increases, in agreement
with their actual stiffness. Moreover, the small standard devi-
ation error bars show the accuracy of our proposed method
and reveal a high distinction certainty between the soft and
hard samples, which is required for situations when objects
are relatively close in stiffness levels. By taking advantage of
this in MIS operations, surgeons become aware of, not only
the applied force, but also the stiffness of grasped organs and
tissues, which helps in making informed decisions on how to
proceed with the surgery.

B. CHICKEN MEAT SLICES PALPATION
After evaluating the prototype with elastomeric PDMS sam-
ples, similar testing was conducted on the raw and pan-fried
chicken meat slices shown in Fig. 5(a). The sensors’ output

signals out of repetitive grasp-release events are displayed
in Fig. 5(b). As anticipated, the cooked meat requires a sig-
nificantly larger force than the raw meat to reach the same
compression angle. This implies that the cooked chickenmeat
is the stiffer of the two, in line with the biochemical nature of
the cooked sample resulting from the lowered water holding
capacity and decreased tenderness [38].

In addition, the two chicken meat slices were grasped for
a while at a constant angle, and the data are presented in
Fig. 5(c). Again, this test confirmed that the required force to
deform the two samples equally is conspicuously different,
being higher for the cooked sample. Unlike the elastomeric
testing models, the viscoelastic properties of the chicken
meat are observed as a decrease in the value of normal force
over time. Similarly, the force-to-angle-change ratio of those
biological samples can be used in the calculation of their
stiffness index, as previously shown in the PDMS samples
palpation. In actual MIS practices, surgeons can utilize this
in discerning tissues of different material stiffness.

C. LUMP DETECTION
Another goal of this device is to detect stiff lumps hidden
inside the grasped organs and tissues. For a demonstration,
the non-experienced participants conducted a grasp-release
test on the raw chicken meat sample embedded with a small
cooked piece representing a hidden lump. As shown in Fig. 6,
six grasping positions with a 1 cm gap between each are
highlighted on the sample, where the lump is implanted at
position X while keeping the thickness uniform across all
positions. The grasping events started at position 1 and ended
at position 6, and the grasping signals are plotted in Fig. 6.
As evident from the graph, the location of the implanted
cooked piece can be identified based on the higher amplitude
of force at a consistent grasping angle. The sudden increase
in the force signal across the sample helps in locating lumps
that have stiffer characteristics. Potentially, MIS surgeons can
significantly benefit from this functionality in determining
the location of more rigid regions in tissues and organs, which
are primarily associated with unhealthy segments or even
tissue tumors in some cases.

D. SORTING SAMPLES BASED ON HARDNESS
Our last experiment in this study aims to further showcase
the benefits of having the real-time force and angle feedback.
Three subjects with various experience levels in laparoscopic
surgery participated in this experiment. Subject I has 20 years
of experience, subject II has 10 years of experience, and
subject III has a few years of experience. Each subject was
asked to sort the five cylindrical PDMS samples from hardest
to softest four separate times: first palpating the samples
using the device with closed eyes (‘blind’), then palpating
again while ‘looking’ at the samples, thirdly repeating the
palpation while taking advantage of the real-time ‘feedback’
signal displayed on the small LCD screen, and lastly palpat-
ing the samples using their ‘fingers’ (without the tool). The
test samples had relatively close values of stiffness and were
randomly rearranged after each sorting trial.
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FIGURE 4. PDMS samples palpation: (a) Image of the first four PDMS samples. (b) Plot of force and angle output signals from repetitive
grasp-release events performed using our smart laparoscopic grasping forceps on the four PDMS samples. (c) Grasping force exerted on
the four PDMS samples while securing the grasps at a constant angle. (d) Bar chart showing the average force-to-angle-change ratio of the
four PDMS samples out of 10 repetitive grasps for each, reflecting the stiffness index, S, with standard deviation error bars.

The results of this experiment are listed in Table 1, where
the sorting accuracy of the different scenarios can be com-
pared. To summarize this, the real-time grasping force and
angle feedback made the sorting tasks using the laparoscopic
tool more accessible and more accurate, closer to the human
fingers case. Based on this, MIS surgeons can effectively
detect the force and angle of deformation while grasping
organs and draw estimations about their stiffness.

Following that, subject I was asked to grip, hold, and
manipulate three digestive organs of a sheep, namely the
stomach, bowel, and colon, using our tool in a way that
mimics the actual surgical tasks. The goal is to predict the typ-
ical magnitude of forces applied during tissue grasping and
retracting in laparoscopic surgery. The measured grasping

force was 3.7 ± 1.7 N (average ± standard deviation) out
of 15 grasps-releases events, with a minimum and maximum
of 2 N and 7.5 N, respectively. These tissue grasping forces
are in line with other studies reporting on the surgical grasp-
ing parameters [39].

IV. DISCUSSION
While most studies in the literature focus only on force
sensing and complicated designs to measure the stiffness of
tissues, we proposed integrating an additional angle sensor
to measure the angle of deformation and simply calculate
a stiffness index based on the force-to-angle-change ratio.
This proposed concept was evaluated by performing several
experiments using the in-house developed prototype on two
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FIGURE 5. Chicken meat slices palpation: (a) Image of the raw and
pan-fried chicken meat slices. (b) Plot of force and angle output signals
from repetitive grasp-release testing performed using the smart
laparoscopic grasping forceps on the two chicken meat samples.
(c) Grasping force exerted on the two chicken meat slices while securing
the grasps at a constant angle (the viscoelastic properties of the chicken
meat show a decrease in the grasping force over time).

types of samples. Overall, the elastomeric samples served
as quick and clean candidates for testing our prototype. The
chicken and sheep samples were just models to show the
technique’s applicability with real flesh taken from biological

FIGURE 6. Lump detection: plot of force and angle output signals from
grasping the highlighted positions on the raw chicken slice embedded
with a small cooked chicken piece located at position X.

sources. Hence, they do not necessarily reflect human tissues
involved in actual surgical procedures.

The novelty of our work can be summarized as follows:
Firstly, the presented technique was sensitive enough to show
stiffness differences between the PDMS samples as well
as between raw and cooked chicken meat slices. Secondly,
a small piece of cooked chicken meat hidden inside a raw
portion was detected with our integrated tool, demonstrating
the ability to detect the presence of hidden lumps. Thirdly,
our proposed concept makes sorting samples based on hard-
ness easy, even for non-expert surgeons. This was validated
with the help of three surgeons, who found the tool to be
impressively simple and could finish the sorting task with
higher accuracy and efficiency when the grasping feedback
was accessible. Based on this, the same strategy of tactile
sensing using force and angle sensors can be implemented
for other MIS tools.

Compared to other studies in the literature [10], we pro-
vided a simple method to estimate the stiffness index of
tissues based on the ratio between the applied force measured
by a force sensor and the induced deformation indicated from
the angle change using an angle sensor. Some complicated
designs limit the grasping force to 1 N [12]. Therefore,
we substituted the need for such complex designs and high-
cost fabrication techniques with a simple off-the-shelf solu-
tion. Also, our study includes participants with varying levels
of experience in laparoscopy to add a clinical perspective to it.

While the current prototype serves as a proof of concept,
our future work should focus on several improvements. More
sensitive force and angle sensors can be used to distinguish
tissues having very close values of stiffness. Also, more
realistic models of flesh embedded with lumps should be
used and characterized. Besides, other parameters of the MIS
operation need to be evaluated and discussed.
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TABLE 1. Sorting samples based on stiffness (samples 1 to 5 are listed from hardest to softest).

In addition, there is a great potential for emerging tactile
sensing technologies to enable low-cost and high-efficiency
sensors for MIS applications [27]. For instance, microfluidic-
based tactile sensing facilitates several advantages, such
as enhanced flexibility and stretchability in contrast to
rigid solid-state sensors [40]. One work reported on using
microfluidic-based force sensing skin to detect impending
tissue damage during neuroendoscopy [11].

Alternatively, sensorless techniques have been investi-
gated for RMIS, where the sensors used for force estima-
tion are inherent in the surgical robot [41]. In model-based
approaches, the encoders and the motor current measure-
ments are the sensors [42]. In vision-based techniques, the
sensor is the visual feedback of the surgical site throughmono
or stereo cameras [43], [44].

Some recent work on MIS tactile sensing displayed visual
information on the endoscopic screen [45], while others
proposed using magneto-rheological sponge cells to deliver
haptic information [46]. Such haptic-based devices can be
incorporated to provide the surgeon with haptic feedback.

Whether robot-assisted or direct use of probes and
endoscopes, MIS has been compatible with technological
upgrades and therefore has limitless potential for the future,
especially in fields that demand extra precision and accuracy,
including microsurgery. Thus, the force feedback mechanism
components need to be advanced to minimize errors and
augment the demanding role of the surgeon.

Ultimately, MIS surgeons aided with artificial tactile sen-
sation can avoid applying excessive forces that accidentally
lead to surgical complications [8]. Also, trainees such as
medical students and surgical residents would benefit from
the real-time grasping feedback to fast-track their learning
curves by reducing the time required for training and mas-
tering MIS. Force feedback also helps in avoiding slippage of
grasped tissues by guiding the operator towards secure grasps
[47]. Potentially,MIS surgeonswill regain the ability to deter-
mine the presence of stiffer tumor tissues and detect hidden
lumps.

V. CONCLUSION
The major limitation of MIS is the loss of tactile sensation
when touching or handling tissues indirectly using laparo-
scopic tools. This can be overcome by implementing an
artificial tactile sensation into the MIS instrumentation to

restore the feel of touch. Knowledge about applied forces
and tissues’ stiffness enables lump detection, pressure esti-
mation on thin walls at the tissue level, and informed
decision making that boosts the surgeons’ confidence
level.

This work serves as a proof-of-concept study showing
the proposed concept and the smart laparoscopic grasping
forceps in action, equipped with two off-the-shelf sensors to
provide real-time feedback on two grasping parameters: the
grasping force and the angle of deformation. The ability to
estimate the stiffness of grasped samples/objects based on
this feedback was demonstrated. Furthermore, the in-house
developed prototype proved helpful for assisting surgeons
in determining the amount of force applied to grasped tis-
sues resulting in better hand-device coordination and more
accurate sample sorting based on hardness. Additionally, this
approach can obtain perceptions of hidden lumps by indi-
cating the location of the stiffer, unhealthy segments; hence
it stands promising for tumor detection developments. This
ability can be amplified when used in conjunction with novel
imaging devices to visualize and discern tumors and other
peculiarities.
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