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Abstract

With the arrival of MIS, and subsequently RAMIS, surgeons have lost most of their force sensation
during surgery. This has lead to more frequent slips, errors and tissue damage as well as an inability to
palpate tissue. Therefore, the rise in popularity of MIS has resulted in a lot of literature being published
on force sensing in MIS over the past 10 years.

This literature review provides an overview of the solutions that have been proposed to sense kinesthetic
tip forces in MIS. The paper starts by identifying the applications of force sensing in MIS followed by the
requirements associated with doing so. It shows that there are numerous and strict requirements, some
of which only loosely defined and others conflicting. In the central part of this review the state-of-the-art
was outlined and discussed at length. Analysis of the included literature revealed that there are still
many aspects for which the field remains divided. In several instances this can be attributed to a lack
of sufficiently representative validation. In this review it has become clear that trying to choose one
sensing strategy over another is mostly a matter trade-offs between different requirements specific to
each application.

Keywords: Force sensor, Force sensing, Force estimation, Kinesthetic forces, Force feedback, Minimally
Invasive Surgery, Robot-assisted Minimally Invasive Surgery, Laparoscopy, Endoscopy.

1 Introduction

Over the past decades Minimally Invasive Surgery
(MIS), also known as endoscopy or laparoscopy,
has become the preferred approach to abdominal
surgery. It is preferred because of the reduced inva-
siveness compared to conventional, open, surgery.
Advantages of the reduced invasiveness include de-
creased tissue trauma, blood loss, post-operative
pain and risk of infection as well as a shorter hos-
pital stay. The surgery is performed with long slen-
der instruments which are inserted into the inflated
abdomen through small access ports. The access
ports are fitted with a trocar to keep the abdomen
inflated. An additional access port is required to
pass the camera, called an endoscope, and gain vi-
sion inside the abdomen [1, 2]. [1].

Regardless of all the advantages that MIS of-
fers it also has some limitations. Firstly, friction
and backlash in the instrument, as well as the ful-
crum effect caused by rotation around the access

Figure 1: EndoWrist grasper used with the da
Vinci robotic surgery platform. Image taken from

Secondly, MIS causes severe ergonomic prob-
lems for the surgeon [4]. This is a result of the long
instruments and the awkward body positioning in-

port, lead to a reduced and distorted force sen-
sation. Experienced surgeons have learnt to cope
with this distorted force sensation. They are able
to extract some information about the tip forces
through the images on the screen and the forces
they still experience on the handle [3].

volved in maneuvering them. Especially during
longer surgeries this is problematic. This issue has
lead to the development of Robot-Assisted Mini-
mally Invasive Surgery (RAMIS) [4]. In RAMIS
the surgeon is removed from the operating table
and sits behind a controller from which he controls



robot arms that hold and move the instruments
and endoscope. RAMIS provides more advantages
than just improved ergonomics. The system is able
to reject hand tremors and remove the fulcrum ef-
fect experienced in MIS. Additionally, robotic sys-
tems have been able to improve dexterity by pro-
viding extra degrees of freedom (DoF) with steer-
able instruments like the one shown in Figure 1
[4, 5].

There are however also some limitations associ-
ated with RAMIS. The main problem stems from
the fact that, with the surgeon completely removed
from the instruments, it is not possible to feel any
forces exerted on the tissue. The absence of force
feedback has been found to result in more frequent
slips, errors and tissue damage [2]. Surgeons can
also no longer use force sensation to differentiate
normal tissue from a tumor through palpation. Fi-
nally, the lack of feedback has also lead to suture
breakage during suturing becoming more common
in RAMIS because of excessive forces being applied
[4].

Many papers have already proposed the mea-
surement or estimation of instrument-tissue inter-
action forces to resolve some of these problems.
They include many different strategies and types
of sensors to measure or estimate forces at the in-
strument tip.

This literature review aims to provide insight
into the important considerations and limitations
of force sensing in MIS as well as providing an
overview and analysis of the state-of-the-art. It
starts in Section 2 by discussing what different ap-
plications force sensing could be useful for. The
different applications also have different require-
ments. What these requirements are and how they
are different for each application is outlined in sec-
tion 3. In the first part the requirements pertain-
ing to sensor specifications are discussed. In the
second part the dichotomy between accuracy and
reusability and the influence of sensor location is
discussed. In the final part other important con-
siderations and requirements are listed.

The central part of this work is focused on re-
viewing the state-of-the-art of sensing in MIS. Sec-
tion 4 outlines the strategy used to obtain the force
sensing strategies proposed to date. The results
obtained through the literature search are presented
in Section 5. The included literature is divided into
categories based on the type of sensing strategy
they apply. The proposed solutions within each
category along with their basic operating princi-
ples are presented. In Section 6 it will be eval-
uated whether the results agree with the require-
ments outlined in Section 3 and with each other.
The Discussion will also discuss why it is difficult
to point out a single best strategy at this time.
Finally, the review concludes in Section 7 with a

general overview of what has been found in this
work and what it means.

2 Applications

Measuring or estimating the tip forces in MIS can
be used for several different applications. The most
obvious, and most commonly cited, application of
these measurements is force feedback. Force feed-
back is most interesting in RAMIS but can also be
useful in MIS. In RAMIS it can be used to phys-
ically restore the force sensation to what it would
feel like in MIS. Perhaps the best solution, useful in
both MIS and RAMIS, is to restore force sensation
to what it would feel like without any distortion
or friction losses. It is also possible to indicate the
magnitude and direction of the force visually. This
can be done through augmented reality by adding
a force vector on the images from the endoscope.

Several studies have already found that adding
physical or visual force feedback in RAMIS results
in lower grasping forces, fewer errors and less tissue
damage, especially for novice surgeons [6, 7, 8, 9].

The second possible application is mainly fo-
cused on the prevention of accidental tissue dam-
age. It involves measuring or estimating the force
being applied and using software to limit it to a cer-
tain value. This force limiting feature can prevent
the application of excessive grip force or the acci-
dental piercing or tearing of tissues. For example
in situations when the surgeon is distracted or has
a reflexive twitch-like movement or when someone
accidentally bumps into the controller. Moreover,
with increasingly smaller instruments being pro-
posed, force limiting can also be used to prevent
damage to the instrument. The implementation
of a force limiting feature could however prove to
be complicated. There are instances in which the
grip force is allowed or required to be higher, for
instance when grasping a needle instead of tissue.
It is also possible that tissue is intentionally torn,
pierced or spread during surgery. These situations
will have to be somehow accounted for in the soft-
ware implementation.

A final possible application is called palpation.
During normal palpation a doctor or surgeon squeezes
or presses into tissue in order to detect changes
in stiffness or hardness. Any changes in stiffness
could indicate the presence of a lump or tumor.
One could for example think of feeling for lumps
that may indicate breast-cancer. During surgery
palpation can also be used to detect pulsating blood
vessels. When the surgeon is no longer has any
force feedback it is possible to press a probe into
the tissue and measure or estimate the force to de-
tect the changes in stiffness.

The different applications listed above also come
with different requirements on the force sensing



strategy. What these requirements are and how
they differ between the different applications will
be discussed in the next section.

3 Sensor requirements

To be able to review and analyse the state-of-the-
art of force sensing in MIS it is important to be
aware of all the requirements, challenges, and other
considerations. Due to the application in a surgi-
cal environment there are a lot of relatively strict
requirements. The first part of this section focuses
on the required sensor specifications. It will be
explained what these sensor specifications are and
how they are not the same for each different ap-
plication. In the second part it is discussed how
the sensor location is affected by the dichotomy
between accuracy and reusability. In the final part
other important considerations and requirements
are listed.

3.1 Sensor specifications

There are several requirements that can be listed
under the category of sensor specifications. The
requirements all cover aspects related to what ex-
actly is being measured. This includes which forces
should be measured (and which not), over what
force range they should be measured and with which
resolution and bandwidth.

3.1.1 Required forces

The interaction forces between the instrument tip
and tissue can be divided into two distinct modes;
tactile and kinesthetic forces. Tactile forces are
detected by receptors in the skin. They provide
information about surface texture or distributed
pressures. To measure these forces one requires
a sensor with a high spatial resolution. Kines-
thetic forces are normally detected by receptors in
tendons and muscles. They provide information
on the magnitude and direction of (large) exter-
nal forces [10, 11]. In MIS tactile forces can be
measured at the grasping surfaces. They can be
used to give the surgeon a sense of how the tissue
is being held, as well as the texture of the tissue.
Kinesthetic forces can be used to feel how hard
one is pushing, pulling or gripping the tissue or
to obtain information on tissue stiffness. For the
applications of force feedback, force limiting or pal-
pation kinesthetic forces are the most interesting.
Therefore, only the sensing of these forces will be
considered throughout the review. Other recent
reviews have focused specifically on tactile sensing
and feedback [12, 13].

It is now possible to discuss the kinesthetic
force components one would need to measure for

the different applications. Figure 2 gives an overview
of most of the forces acting on a (non-steerable)
MIS instrument. A MIS grasping instrument has 5
DoF through which forces can be applied and mea-
sured: x-y translation forces caused by rotations
around the incision, z forces due to translation in
the longitudinal axis of the instrument, a moment
around the z axis due to rotation of the instrument
and finally a fifth DoF resulting from the grasping
motion. Here the x-direction is parallel to the flat
face of the grasper and the y-direction is perpen-
dicular to the flat face as indicated in Figure 2. For
steerable RAMIS instruments like the one shown
in Figure 1 the situation is a bit more complicated.
This is due to distal hinges that allow the tip to
rotate around the x and y axis (also referred to as
pitch and yaw). This results in a total of 7 DoF
for steerable instruments.

In order to palpate tissue a probe is pressed
into the tissue. By measuring the force during this
interaction it is possible to determine the stiffness
of the tissue and detect tumors. In the ideal case
the force is always applied in the longitudinal (z)
direction of the instrument requiring only a single
DoF sensor. When this is not possible a 3 DoF
sensor that measures forces in the x-y-z directions
is needed to determine the force perpendicular to
the tissue.

Internal friction
of mechanism

Forces from
nearby organs

Figure 2: Schematic representation of the forces
acting on a laparoscopic instrument. Figure taken
from [2]

When force limiting is the objective the x-y-
z forces at the tip are relevant to prevent tissue



damage from tearing or piercing. Inappropriate
pinching or grip force is one of the most common
errors and causes of tissue damage during MIS [14,
15]. Therefore, measuring the pinch or grip force
can be a useful addition to prevent damage.

For force feedback one would quickly assume
that sensors for all DoF are required. However,
it has been found that partial force feedback in-
stead of full force feedback also provides a signifi-
cant improvement in surgery [16]. Some evidence
even suggests that partial could be better than full
force feedback [17]. The x-y-z forces along with the
grip force are likely most relevant for force feedback
during tissue manipulation. The moment around
the Z-axis (the long axis of the instrument) can
also be useful during suturing for example.

3.1.2 Force/Torque range

Due the complexity of measuring tissue interaction
forces in a realistic environment it is difficult to de-
termine the exact force range required. Two stud-
ies have found that tissue interaction forces during
MIS range from 0 to about 10N and torques from
0 to 0.1Nm [18, 19]. These estimates are however
based on measurements from a sensor placed near
the instrument handle instead of near the tip. Why
the location is relevant will be explained in Section
3.2.1.

Tissue grip forces in RAMIS have been found
to range from 0 to about 4N when tissue is passed
from one grasper to another [8]. A different study
found that to hold tissue while a pulling force is
applied grip forces may well exceed that range.
The exact force however, depends on the size and
texture of the grasping surface [15]. Therefore,
the sensing range required for force feedback and
force limiting should extend to around £10N for
tip forces, at least 4N for grip forces and £0.1Nm
for torques.

For palpation the force range requirement is dif-
ferent from the one for force feedback and force
limiting. The range is dictated by the maximum
force required to obtain sufficient information to
distinguish tumors in tissue. It has been argued
that for palpation a range of 2N suffices [11]. Not
only is the maximum force required quite low, it
is also generally applied with a ball-shaped probe.
Therefore, there is little risk of tissue damage dur-
ing palpation.

3.1.3 Force/Torque resolution

For force feedback it is possible to estimate the
required force resolution by finding the smallest
force change one can actually feel. One study has
found that while moving the hand with an applied
reference force of 1.5N the smallest noticeable dif-
ference is on average 0.68N [20]. Another study

found that in a quasi-static situation the notice-
able force difference from 1.5N could be as low as
0.15N depending on the direction the force is ap-
plied [21]. Considering that 1.5N is a reasonable
reference in the context of MIS a minimum force
resolution 0.15N is required [22].

The resolution for palpation again depends on
what is necessary to resolve differences in stiffness
that might indicate a tumor. The required resolu-
tion for palpation was found to be approximately
0.01N when combined with the 2N range [11].

The resolution for force limiting is somewhat
arbitrary. Aslong as the sensor is able to detect the
force limit before it is exceeded. This also depends
on any safety margin programmed in the software.

3.1.4 Bandwidth

The required bandwidth or sampling frequency of
the sensor can be obtained by looking into human
reaction and perception bandwidth.

It has been found that 95% of grasper angle fre-
quency content during MIS is below 2Hz [22]. How-
ever, the maximum bandwidth of human reflexive
action is around 10Hz [23]. While tactile percep-
tion of vibrations can range up to 250 — 300Hz
[24, 13] we are interested in kinesthetic perception
times here. Although according to Brooks [23] it
is difficult to measure kinesthetic bandwidths di-
rectly, he states that estimates are in the range of
20 — 30Hz. Since no high frequency vibrations are
to be expected originating at the instrument tip,
the minimum required bandwidth for this sensor
application is therefore 30Hz. However, in prac-
tice it is possible that, in order to create a stable
control system, higher sensor sampling frequencies
are required.

The required bandwidth for palpation depends
on the speed at which the probe can be moved
across the tissue. For force limiting determining
the required the bandwidth is a bit more compli-
cated. It should be high enough to prevent sud-
den accidental force peaks that could damage the
surrounding tissues. Since human reflexive actions
are limited to 10Hz a bandwidth of at least this
number should allow for the prevention of acci-
dental piercing or tearing of tissue due to human
twitches. However, the required bandwidth could
also depend on the maximum velocity of the instru-
ment. Imagine a situation in which the instrument
is not in contact but moving very quickly due to
accidentally manipulating the controller for exam-
ple. When the instrument now contacts tissue the
force will increase very quickly because the tissue
is decelerating the instrument.



Articulated

Joint Actuation
Unit

Joints Abdominal
C Wall
v N I

Gripper

-

Shaft

Figure 3: Overview of the possible locations to place a sensor with a instrument for RAMIS. 1: at the
interface of the instrument and robot arm, 2: Proximal shaft, 3: Distal shaft and 4: Grasper tip. Figure

taken from [1]

3.2 Accuracy and reusability

There are many locations from which tissue inter-
action forces occurring at the tip of the instrument
can be measured or estimated. Figure 3 gives an
overview of the possible locations to place a sen-
sor with a instrument for RAMIS. It is possible to
place a sensor at the interface between the robot
arm and the instrument, or at the handle in the
case of a MIS instrument (1). Next, there are sev-
eral locations along the shaft were sensors could
be placed; on the instrument shaft but near the
handle or robotic arm (2, proximal shaft), on the
shaft but inside the abdomen (3, distal shaft), in
the articulated joints of the instrument (wrist), and
finally at the tip or grasper of the instrument (4)
[1, 2]. A final possibility is placing the sensor in
the trocar and determine the tip forces trough the
forces transferred from instrument to trocar. It is
also possible to not place any sensor at all. Instead
one could measure the forces that are generated to
move or steer the instrument and estimate the cor-
responding tip forces.

Deciding whether, or where, to place a sen-
sor involves a set of conflicting considerations like
space, biocompatibility, sterilization and accuracy.
Also the force components that one wants to mea-
sure can be of importance for the choice of location.
It is for example difficult to measure the grip forces
from a sensor located in the trocar. These factors,
and why they are conflicting, will be outlined in
the following sections.

3.2.1 Accuracy

Sensing strategies that involve no sensors at all or
sensors placed near the handle or robotic effector
benefit from reduced space, biocompatibility and
sterility requirements. The latter two requirements
will be discussed further in Sections 3.2.2 and 3.2.3.
There is however also a downside to doing so. Mea-
suring or estimating forces from outside the ab-
domen, particularly past the trocar, can result in

significantly less accurate measurements. This is
caused by forces and torques generated by friction
in the trocar and instrument, the stiffness of the
abdomen and the lever action of the instrument
[1, 2]. These interaction forces are also illustrated
in Figure 2.

The friction forces in the trocar can exceed 3N.
Similarly, the torque caused by the stiffness of the
abdomen when it is manipulated can range up to
0.7Nm [16, 18]. Friction in the instrument can ac-
count for losses of over 50% and significantly dis-
tort forces [16, 25]. These effects are about the
same magnitude as and indistinguishable from the
forces and torques we want to measure. More-
over, exact magnitude of these forces and losses
can change from patient to patient and depends
on the type of instrument and trocar, speed and
direction of movement, temperature and whether
the instrument is wet or dry [16, 25]. This combi-
nation of factors makes it exceedingly difficult to
correctly model and estimate the forces at the tip.

3.2.2 Cleaning and sterilization

Surgical instruments need to be clean and sterile
when they enter the OR. To achieve this instru-
ments go through an extensive cleaning and ster-
ilization procedure which involves hand or ultra-
sonic cleaning, exposure to cleaning agents (soap,
detergents etc.) and finally a sterilization process
at high temperature (134°C), vacuum, and 100%
humidity. The fact that the instrument has to be
cleaned and sterilized imposes a number of require-
ments on the sensor when it is mounted on the in-
strument. Firstly, in order be able to remove all
contaminants from the sensor and instrument it
should not include small open crevices. It should
also be robust enough to be cleaned by hand or
ultrasonically. The materials used should not re-
act with cleaning agents, be permeable to water
vapour or degrade at the sterilization temperature.
Finally, since the sensor is exposed to water, blood



and cleaning agents it should be both corrosion re-
sistant and sealed.

Not only should any sensor remain intact and
functioning after a cleaning and sterilization cycle,
it would also be helpful if the sensor is repeatable
afterwards. In this case having a repeatable sensor
means that it does not have to be re-calibrated
after every sterilization cycle. Not having to re-
calibrate the sensor before every use saves a lot of
time in preparation before surgery.

These requirements are rather strict and dif-
ficult to meet. As a result it is not uncommon
to find disposable instruments being used in la-
paroscopic surgery. For some instrument and de-
vices it can also be cost effective to be disposable.
However, many MIS graspers are reusable and, al-
though they are complicated, instruments used in
RAMIS are also generally semi-reusable. Since the
year 2020 the reusability of the cable-driven instru-
ments like the one shown in Figure 1 is limited to
16 times, mainly due to cleanability issues. To pre-
vent additional cost and reduce the environmental
burden it is important that sensors added to these
instruments are also sterilizable.

3.2.3 Biocompatibility

If the sensor is placed on a part of the instrument
that will be placed inside the body of patients the
sensor will need to be biocompatible. This means
that materials that come into contact with tissue
or blood must not cause adverse reactions or an
immune response. Therefore, materials used in the
sensor or instrument that contact tissue or blood
should be certified for externally communicating
devices with limited duration (< 24h) contact. It
is possible to choose only biocompatible materi-
als for the sensor. However, it is also common
to shield the device by applying a biocompatible
coating. Since there are ample biocompatible ma-
terials and coatings for short term invasive use it is
unlikely that this requirement will be a significant
limitation.

3.3 Other considerations

Finally, there are some additional considerations
that are important in the evaluation of sensing
strategies. These include; temperature sensitiv-
ity, sensitivity to electromagnetic (EM) interfer-
ence, sensor size and cost.

3.3.1 Temperature sensitivity

Most of the physical effects that can be employed
to measure forces or displacements are also sensi-
tive to changes in temperature. This means that
any change in temperature will affect the force
measurement in a way that is not distinguishable

from the actual force measurement. Due to phys-
iological processes, external cooling of the patient,
application of flushing solutions and electronic cau-
terization it is likely that the temperature dur-
ing surgery will fluctuate within several degrees
Celsius. Therefore any proposed sensing strategy
should involve a measure that mitigates tempera-
ture sensitivity.

3.3.2 EM interference

The OR is a place with a lot of different elec-
tronic devices. All of those devices can emit EM
signals that can interfere with the force measure-
ment signal and create noise. Especially when this
signal has to travel from inside the patient to an
interrogator placed at some distance. Moreover,
bipolar instruments for electric cauterization are
commonly used in surgery. These instruments are
likely to form a big source of interference for any
sensor placed distally. Therefore, sensing strate-
gies that are insensitive to such EM interference
should be preferred.

3.3.3 Size

Even though MIS already is a great improvement
compared to conventional surgery it is still being
attempted to reduce invasiveness even further. This
is being done in several ways. Firstly by reduc-
ing the number of ports by performing Single Inci-
sion Laparoscopic Surgery (SILS). Secondly by us-
ing natural orifices to perform the surgery like in
Natural Orifice Transluminal Endoscopic Surgery
(NOTES). Finally by trying to reduce the size of
the incisions in conventional MIS. All of these meth-
ods involve reducing the size of the instruments.
While the EndoWrist instruments for the da Vinci
platform are 8mm in diameter, other parties (like
TransEnterix) are already pushing for 3mm instru-
ments. Therefore, it is important to have a sensing
strategy that is able to scale down with the size of
the instrument.

3.3.4 Cost

As with most products it is important that the
cost of sensorized instruments or force estimating
robotic platforms is reduced as much as possible.
Therefore, a sensorized instrument should be either
reusable or replaceable without the entire instru-
ment being discarded. Also the sustainability of
disposable sensors or instrument is of importance
in this consideration.

Not only the cost of the instrument and/or sen-
sor are important in this consideration. Some sens-
ing strategies might involve very expensive hard-
ware to read-out the sensor which could increase
the price of a robotic platform.



4 Search strategy

After having discussed all the important require-
ments and considerations for force sensing in MIS
the paper will now focus on the review of the avail-
able literature. A thorough PubMed and Scopus
search has been performed to obtain all the rele-
vant literature published on force sensing strategies
in (RA-)MIS. The following search term was used:
Force AND (Sensing OR Sensor) AND (”Mini-
mally invasive surgery” OR MIS OR ”Robot as-
sisted minimally invasive surgery” OR RAMIS).
This search query gave 146 results in PubMed and
579 in Scopus. After removing duplicates, 637 re-
sults remained. Out of those 301 relevant titles
were identified.

After removing duplicates and scanning for rel-
evant titles several inclusion and exclusion criteria
were applied:

Only strategies actually integrated and tested
in MIS instruments were included. Papers on sen-
sors applied in anything other than conventional
MIS (laparoscopic surgery), robotic MIS or NOTES
instruments were excluded. This was done be-
cause the instruments used in these three cases
have mostly similar form factors and requirements.
As explained in Section 3.1.1 this review only con-
siders kinesthetic tip force sensing. Therefore stud-
ies on tactile sensors with spatial resolution were
excluded. Papers that did not include technical
details and performance indicators about the force
sensor, or papers that discussed earlier iterations of
the same sensor were also excluded. To be able to
compare the studies with each other, sensors that
do not output a force measurement were also ex-
cluded. For example, a lot of palpation probes that
use indentation depth or pressure (instead of force)
to measure tissue stiffness were excluded. After
exclusion 69 papers from Scopus and PubMed re-
mained.

After observing keywords in the obtained liter-
ature it was concluded that some relevant search
terms were missing. Therefore a second search was
performed with the following search term: Force
AND (Sensing OR Sensor) AND (”Minimally in-
vasive surgery” OR MIS OR ”Robot assisted mini-
mally invasive surgery” OR RAMIS OR Laparoscopy
OR FEndoscopy). This resulted in a number of pre-
viously undiscovered papers making the iteration
a fruitful effort. 278 new results were found in
PubMed and 196 in Scopus bringing the total num-
ber of papers to 1242. Combining the new results
and removing duplicates yielded 428 papers and
141 relevant titles. After applying the exclusion
criteria 13 papers were added to the results.

Finally, an additional 6 papers were obtained
from other (review) papers, bringing the total to
88 included papers.

5 Results

The search and subsequent inclusions/exclusions
resulted in 88 relevant papers that discuss force
sensing strategies used in (RA)MIS. Table 1 pro-
vides a complete list of the included papers. The
table includes information on the sensing method
(category or type), intended use and location of
the sensor. It also lists the DoF that are mea-
sured along with their range, resolution and vary-
ing measures of error as a percentage of the range.
Although the papers use a wide variety of sensing
strategies they can be grouped into a few differ-
ent categories. The categories are based on those
presented in earlier reviews and include the follow-
ing [1, 2]: Resistive, Capacitive, Optical, Magnetic,
Input force, Image based, Acoustic and Pressure
based. The categories are mostly separated by
the physical transduction method they use. No-
table deviations from this division are the input
force and image based categories. Especially input
force strategies can involve transduction methods
that would otherwise belong to a different category.
However, because of the fundamentally different
way these categories obtain the tip force they are
placed in separate categories. Figure 4 shows how
the papers listed in Table 1 are distributed over
the different categories.

Number of papers per sensing category
| | | | | | | |

32

30 1

20 19

#papers

Figure 4: Distribution of included papers over
the different sensor categories.

In the following sections the literature will be
discussed in-depth. Each of the categories in Fig-
ure 4 will be discussed separately. The largest cat-
egories, resistive and optical, are divided further
into specific sensor types. For each category and
sensor type the basic principles behind their oper-
ation will be explored. The listed papers will be
used to provide examples on the implementation
of the respective sensor types.



Table 1: Sensing capability and performance of proposed sensing strategies applied in MIS. Locations

(Loc.) are Handle (H), Proximal Shaft (PS), Distal Shaft (DS), Wrist (W), Tip (T) and In Trocar (IT).
Error figures are given as a percentage of the claimed range.

Range Resolution
Ref | Method Purpose | Loc. | DoF [N,Nmm] | [mN,Nmm] error [%]
Resistive sensors
[26] | Strain gauge | RAMIS DS Fx,Fy 1 100 1.2 RMS
[27] | Strain gauge | MIS H Fgrip 10 1 -
. . 0.5(xy) 0.3(xy)
[28] | Strain gauge | Palpation | T Fx,Fy,Fz 2.5(2) - 0.6(z) RMS
[29] | Strain gauge | MIS T Fgrip 1.5 33 -
[30] | Strain gauge | RAMIS PS Fgrip 10 40 4 Max
[31] | Strain gauge | RAMIS T Fz,Fgrip 5 43(z) 7.4(g) %{1?/%) 0.7(e)
. Fx,Fy,Fz,
[32] | Strain gauge | RAMIS W Mt My, Mz 30, 300 - -
. . 1.5(xy) 15(xy)
[33] | Strain gauge | Palpation | DS | Fx,Fy,Fz 3(2) 150(7) 1.8 RMS
. Fx,Fy,Fz, 120(xy)
[34] | Strain gauge | RAMIS W Mx, My, Mz 10, 0.16 500(2), 7 -
35 Strain gauge | MIS DS Fx,Fy 13 - 4.9(x) 3.7(y)
[
Avg.
[36] | Strain gauge | RAMIS DS Fx,Fy 5 55 0.5(x) 0.6(y)
RMS
. 130(x)
[37] | Strain gauge | MIS T Fx,FyFz |5 200(y) 50(z) |~
. Fx,Fy,Fz,
[38] | Strain gauge | RAMIS PS M, My, Mz 9 - -
[39] | Strain gauge | NOTES T Ferip 16 - 1.1 RMS
. 7.5(x)  9(y)
[40] | Strain gauge | MIS DS | Fx,Fy,Fz | 10 - 50(z) RMS
[41] | Strain gauge | MIS DS Fx,Fy 5 200 1.8 RMS
. Fx,FyFz,
[42] | Strain gauge | RAMIS W Mx, My, Mz 10, 10 - -
0.9(xy)
[43] | Strain gauge | MIS T gxi‘y,FZ, 2.5 10 0.1(z) 3.7(g)
sHb RMS
[44] Strain gauge | NOTES PS Fz, Mz 40, 0.7 300, 10 0.8, 2.5 RMS
35(xy)
[45] | Piezoresistor | MIS PS i’;FﬁF&Z 106(z), . 0.9, 0.5 Max
a 1.5(xyz)
[46] | Piezoresistor | MIS DS | Fx,Fy,Fz | 2.6 5 4
[47] | Piezoresistor | MIS T Fgrip 10(g) 500 12.6 Avg




Range Resolution
Ref | Method Purpose | Loc. | DoF [N,Nmm] | [mN,Nmm] error [%]
. . 0.05(xy) 0.02(xy)
[48] | Piezoresistor | RAMIS T Fx,Fy,Fz 0.03(z) 0.05(z) -
[49] | Piezoresistor | Palpation | T Fz 1 - 0.4 RMS
[50] | Piezoresistor | MIS T Fx,Fy,Fz é'(‘;()xz) 10(xz) 17(y) | -
[61] | Piezoresistor | MIS T Fgrip 20(g) - -
. . 9(xy) 0.7(xy)
[52] | Piezoresistor | RAMIS PS Fx,FyFz 20(2) 60 0.3(2) Max
[63] | Piezoresistor | MIS T Fx,Fy,Fz 25 125 -
[54] | Piezoresistor | MIS T Fx,FyFz gg’(‘g 40(xy) 50z) | -
[65] | Piezoresistor | Palpation | T Fx,Fy,Fz 0.001 0.003 -
. o Fx,Fy,Fz,
[56] | Piezoresistor | RAMIS IT Mx My, Mz 36, 0.5 2, 0.025 0.6 , 1.6 Max
[57] | FSR Palpation | T | Fx,Fy,Fz |8 100 -
Capacitive sensors
250(x)
[58] | Capacitive RAMIS T Fx,FyFz | 8(xy) 4(z) | 1450(y) -
55(2)
4.4(x) 1.4(y)
. Fx,Fy,Fz 2.5(xz) 72(x) 58(y)
59 Capacitive MIS T U 32(z) 2
[59] | Cep Fip | sve) | 420) 46(8) | bad) P
RMS
0.2(x) 0.3(y) 3.1(x) 45(y)
Fx,Fy,Fz L:5(xyz), 0.1(), 8.9(z), 2.2(x)
[60] | Capacitive Palpation | T | 20(xy) 0.5e-3(x) PG
Mx,My,Mz 2.5(y) 3.4(z)
10(z) 0.4e-3(y) Av
0.2¢-3(z) &
3.4(x) 6.4(y)
[61] | Capacitive | RAMIS | T Felyvkz 505 2xyg) 4(z) | 8.6(z), 5.7
Fgrip,Mz
Avg.
. 1(xy) 8x)  7(y)
[62] | Capacitive RAMIS W Fx,Fy,Fz 1.6(2) 100(xyz) A(z) RMS
[63] | Capacitive Palpation | T Fx,Fy,Fz 5 - -
[64] | Capacitive Palpation | T Fx,Fy,Fz 1 - 1.9
[65] | Capacitive Palpation | T Fz 0.6 0.2 -
Optical sensors
Optical .
[66] (LIM) MIS T Fgrip 2 2 6 MAE
67 | Optical RAMIS | DS | FxFyFz |6
(LIM) Y, - -
6g) | Optical RAMIS |IT | FxF 20 - 12 Max
(LIM) it
6o] | Optical RAMIS | PS | FxFy 10 200 1.5 Max
(LIM) ’ :




Range Resolution
Ref | Method Purpose | Loc. | DoF [N,Nmm] | [mN,Nmm] error [%]
Optical
70 | () MIS T | Fz 10 200 -
Optical .
[71] (LIM) Palpation | T Fz 7 - -
Optical 3(x) 2.8(y)
72 | RAMIS | DS | FxFy 4 - NS
Optical 1.7(xy)
[73] (LIM) RAMIS DS Fx,Fy,Fz 2.5() 40 -
Optical . 1.5(xy)
[74] (LIM) Palpation | DS | Fx,Fy,Fz 3(2) 20 1 RMS
(75] | Optical RAMIS | W | FxFyFz | 12 60 0.5 M
(FBG) x,Fy,Fz .5 Max
Optical Fx,Fy,Fz,
7 | FBe) RAMIS | DS | (o0 120,015 |- 5.1 Mean
(77 | Optical NOTES | DS | Fz 20 ; 2 RMS
(FBG)
Optical . 1.3(x) 0.3(y)
[78] (FBG) Palpation | T Fx,FyFz | 2 200 0.5(2) Ave
(7o) | Optical Palpation | T | F 5 2.6
(FBG) pation z . -
Optical
80 | FBe) RAMIS | DS | Fx,Fy 10 50 -
1] | Optical Palpation | T | Fz 7 9.3 1.7 RMS
(FBG) ‘ '
g2 | Optical RAMIS | W | FxFyFz | 10 50 1 Max
(FBG) bl
Optical Fx,FyFz, | 5(xyz) 4(xyz) 3.8(g)
83} (FBG) MIS DS Fgrip 20(g) 5 RMS
Optical . 5(z) 2.7(g)
[84] (FBG) MIS T Fz Fgrip 6(z) 10(g) | 40 RMS
Magnetic sensors
Magnetic .
[85] (LVDT) Palpation | PS Fz 3 - 4.4 Max
Magnetic
N -
[86] Hall MIS T FyFz 7(y) 35(z) | 6
Magnetic .
N -
[87] Hall Palpation | T Fz 1 4
Input force sensors
88 Input force RAMIS NA | Fgri 1.8 - 3.3 MAE
[38] P grip
[89] | Input force RAMIS NA | Fx,Fy 9 - 8.3 MAE
[90] | Input force RAMIS NA | Fx,FyFz |5 - 7.4 Max
[91] | Input force | RAMIS | NA | Fx,FyFz |5 - i?z(;() 12(y)

10




Range Resolution
Ref | Method Purpose | Loc. | DoF [N,Nmm] | [mN,Nmm] error [%]
[92] | Input force NOTES NA | Fx,FyFz 3.5 - 0.6 RMS
[93] | Input force RAMIS NA | Fgrip 1 - 23 Max
6.3(xz)
[94] | Input force NOTES NA | FxFy)Fz |4 - 3.8(y) Max
[95] | Input force Palpation | NA | Fx,Fz 3 - 14.7
Fx,Fy,Fz, | 1(xyz) 10(xyz)
[96] | Input force RAMIS NA Farip 0.6(z) - 13(g) MAE
2.3(x) 3.2(y)
[97] | Input force RAMIS NA | Fx,FyFz | - - 3.3(2) RMS
[98] | Input force RAMIS NA | Fgrip 2.5 - 6 Max
[99] | Input force RAMIS NA | Fgrip 3 - 17 Max
[100] | Input force RAMIS NA | Fgrip 12 - 3.3 Avg
5.4(x) 3.4(y)
Fx,FyFz, 0.1(z), 0.1(x)
[101] | Input force RAMIS NA M My Mz |~ - 0.5(y) 0.1(2)
RMS
Fx,Fy, 150(xy) 7.3(x) 6.1(y)
[102] | Input force RAMIS NA Frip 4 100(g) 10.6(2) Avg
nput force . - ax
[103] | Input f RAMIS | NA | ZoEY 2 22 M
Fgrip
Image based sensors
104] | Tmage based | RAMIS | NA | Fx,Fy,Fz | 10 - 0.2 RMS
g
. Fx,Fz,
[105] | Image based | Palpation | NA Ferip 1 - 5.4
[106] | Image based | RAMIS NA | Fz 200 - 0.43 Avg
[107] | Image based | RAMIS NA | Fz 2.5 - 60
[108] | Image based | NOTES NA | Fgrip 1 - -
0.6(x) 0.4(y)
Fx,FyFz, 9(z), 2.4(x)
[109] | Image based | RAMIS NA Mx, My, Mz 10, 5 - 2.6(y) 0.2(z)
RMS
[110] | Image based | RAMIS NA | Fx,FyFz | 2.5 - 2.8 RMS
[111] | Image based | Palpation | NA | Fz 0.3 10 -
Acoustic sensors
. . 0.75(x) 7.2(x) 4.2(z)
[112] | Acoustic palpation | T Fx, Fz 5(2) 20(x) 23(z) RMS
Pressure based sensors
13 | S| Palpation | DS | Fy 5 . 4.8 RMS
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5.1 Resistive sensing

As Figure 4 shows, the resistive sensing category
is by far the most common in literature. This is
mainly due to the size and simplicity of included
sensors which consequently makes them relatively
cheap. The resistive sensing category can be di-
vided into metallic strain gauges, piezoresistors and
Force sensing resistors (FSRs). These sensor types
are distinguished by the effects that generate their
output. The following sections will explain this
further and discuss the included literature.

5.1.1 Metallic strain gauge

As listed in table 1 there are 19 examples in lit-
erature of strain gauges used to measure forces in
(RA)MIS. Metallic strain gauges generally use a
metallic wire film attached to the surface of an ob-
ject. They detect a change in resistance when the
object is subjected to strain. To minimize the sen-
sitivity to lateral strain most strain gauges come
in a zig-zag pattern as is shown in Figure 5 [114].
All but one of the strain gauge sensors in Table 1
come in this shape.

Figure 5: Example of a thin film strain gauge
with bond pads to the right and the zig-zag sensing
region to the left. Figure taken from [115].

To understand what causes the change in resis-
tance when strain is applied we look at the equa-
tion for resistance (R) through a conductor:

_rL

="

(1)

where p is the resistivity of the material, [ is the
length of the conductor and A is the cross sectional
area of the conductor. Taking into account the
Poisson ratio (v) a relative change in resistance
can be expressed as follows [115]:

dR _dL
R L

dp

14 2v)+
( ) P

(2)

Equation 2 shows that the change in resistance
can be caused by a change in length, multiplied
by the change in cross-sectional area due to the
Poisson effect, or a change in resistivity. The sen-
sitivity of a strain gauge to a relative change in
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length (strain), commonly called the gauge factor
(GF) is expressed by [114, 115]:

_dR/R _
- dL/L

d
_;’_pi/p

or dL/L

(1+2v) (3)

For most metals the gauge factor ranges from
2 to 3 and is almost exclusively the result of the
change in length and cross-section. This is also
called the geometric effect [115, 114].

The simplest way to implement strain gauge
sensors is to place them on the instrument han-
dle [27]. Tt is also possible and simple to place
them on the outer shaft of the instrument and mea-
sure strain from tip forces transferred to the shaft
[36, 39, 40]. In a similar approach three other ex-
amples have placed the strain gauges on a separate
part they call a sleeve which is placed around the
instrument [26, 35, 41]. The advantage of imple-
menting the strain gauges in such a way is that
they are separate from the instrument. Therefore
even when the gauges cannot be sterilized most of
the instrument can still be reused. The downside
of such a system is that accuracy of the measured
forces depends on the tolerance of the fit between
the sleeve and the instrument. Any gap will result
in a dead-zone in which no force is recorded.

Most of the other papers have used a different
approach. To ensure that the strain gauges are
strained in only one direction they have been in-
tegrated into compliant structures. Some of the
compliant structures are integrated in the shaft of
the instrument [32, 33, 44], others in the wrist sec-
tion [34, 42] and still others are placed at the tip
[29, 28, 31, 37, 43]. Figure 6 shows an example of a
compliant structure located at the tip as proposed
by Yu et al. [43]

Strain gauges are not only sensitive to strain,
they are also sensitive to temperature. In metallic
strain gauges the main cause of this sensitivity is
thermal expansion. Thermal expansion influences
the resistance when the strain gauge and the ob-
ject it is bonded to do not expand equally. This
can occur when they are made from different mate-
rials with different thermal expansion coeflicients
or when there is a temperature gradient [114, 115].
As mentioned in Section 3.3.1 the temperature dur-
ing surgery is not constant and can therefore result
in errors. A well known solution for temperature
compensation are Wheatstone bridges, also com-
monly referred to as bridge circuits. Temperature
compensation is not the only reason Wheatstone
bridges are useful though. The bridge circuit is
also able to improve the sensitivity and SNR [115].

To help explain how the bridge works Figure 7
shows a schematic representation of a full Wheat-
stone bridge. When all the resistances (Z;...Z4)
are equal the output voltage Vj equals zero. When
one of the resistances changes the voltages V; and
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Figure 6: Example of a compliant structure for
the application of strain gauge sensors. Figure
adapted from [43].

V5 are no longer equal and V{y will become non-zero
[116]. Because of the small GF in metallic strain
gauges mentioned earlier the change of resistance
is only a few percent. Therefore measuring this
change as a deviation from zero through a bridge
circuit provides improved sensitivity and SNR.

Figure 7: A Wheatstone bridge circuit consisting
of four resistors and a voltage source. When the
resistance of one of the resistors changes the dif-
ferential voltage output Vj changes. Figure taken
from [116].

Temperature compensation using a bridge cir-
cuit is based on the principle that the output volt-
age remains unaffected as long as Z1/72 = Z3/74.
So when Z; and Z; are identical strain gauges that
are at the same temperature the ratio Z1/22 will
remain unchanged and the temperature sensitivity
is greatly reduced. To actually have the same tem-
perature both strain gauges are generally placed
near each other on the test specimen [116, 115].
These so called half-bridge configurations are very
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common in resistance based sensing.

It is possible to further improve the sensitivity
by placing the two strain gauges such that they are
strained in opposite directions. This can for exam-
ple be done by placing one on the top and the other
on the bottom of a beam loaded in bending. One
strain gauge is now loaded in tension and the other
in compression. The result is a sensitivity that is
approximately twice as high compared to only one
strain gauge being loaded [116, 115]. Almost all
of the listed papers using strain gauges have ap-
plied full- or half-bridge circuits to compensate for
temperature or improve sensitivity.

Table 1 shows that there is a big spread in sens-
ing range among the strain gauge sensors. The
highest is 40N [44] and the lowest is 1N [26]. Based
on our requirements the former is higher than re-
quired for most RAMIS procedures and the latter
is too low. Nonetheless, ranges around 10N are
also listed frequently [27, 30, 93, 35, 38, 40, 42].

The resolution figures show a similarly large
spread. Moreover, Table 1 shows that a smaller
range allows for a smaller resolution and vice versa.
Unsurprisingly, the highest resolutions are found
among the papers that have implemented the strain
gauges with a Wheatstone bridge.

In terms of relative error the same effect can
be observed; A larger range results in a larger rel-
ative error. One of the included papers by Trejos
et al. listed in Table 1 shows a very high error.
However, it must be added that those error figures
were obtained after several sterilization cycles [40].
While most others do not mention sterilization or
state to have designed a disposable sensor only a
few claim that their sensor is (potentially) steril-
izable [26, 27, 30, 35, 40, 43]. Only Trejos et al.
and Fahkry et al. have actually investigated the
performance of strain gauges after autoclave ster-
ilization. Trejos et al. constructed several types
of strain gauges with different adhesives and coat-
ings to find the best combination for sterilization.
Their prototype was able to survive 6 sterilization
cycles. Nonetheless, it can be questioned whether
the error is acceptable and the sensor needs to be
calibrated after every cycle as well [40]. Fakhry et
al. were able to sterilize there sensor, located at
the instrument handle, 10 times with calibration
performed after the first, fifth and tenth steriliza-
tion and without deterioration [27]. Their sensor
is also the only one tested during in vivo human
surgery.

5.1.2 Piezoresistors

Out of the 32 sensors in the resistive category 13
involve Piezoresistive strain gauges. Piezoresistive
strain gauges, also known as semiconductor strain
gauge, microstrain gauge or piezoresistor, work in



much the same way as metallic strain gauges. How-
ever, piezoresistors are made from semiconductor
materials, mostly silicon, and are able to reach
gauge factors of over 100. This makes them useful
in situation with high noise levels or little strain.
From the resolution figures listed in Table 1 it is
clear that Piezoresistive sensors are indeed more
sensitive compared to conventional strain gauges.

The high gauge factor is the result of the piezore-
sistive effect. This effect is caused by the redis-
tribution of charge carriers between different lat-
tice structure directions and energy bands when
the lattice is deformed by strain. The redistribu-
tion leads to an increase or decrease of the resis-
tivity p depending on the main energy carrier in
the silicon material. The energy band structure
is different in different lattice structure directions.
Therefore, the size of the effect also depends on the
direction in which strain is applied. Finally, the
piezoresistive effect is also non-linear with strain
[117]. However, for small forces and strain levels
a linear approximation can be applied for calibra-
tion. Which is why only one of the listed papers
describes a non-linear calibration curve [46].

The gauge factor is highest in silicon with low
doping levels [115, 117]. This can be explained
by the fact that when there is a small number of
charge carriers the redistribution of only a few is
a relatively large change. When there are a large
number of carriers the relative effect due to redis-
tribution is much smaller [117]. On the downside,
the low doping level also results in a much higher
temperature sensitivity for piezoresistors compared
to strain gauges. This a result of the fact that
temperature also affects the distribution of charge
carriers between energy states [114, 117].

Similar to metallic strain gauges the temper-
ature sensitivity can be effectively compensated
through the use of bridge circuits. Most of the
sensors listed have implemented full or half bridge
circuits [45, 46, 49, 50, 51, 52, 53, 55, 56].

The fact that piezoresistors are made from semi-
conductors like silicon also provides advantages other
than the high sensitivity. Using silicon as the trans-
ducer material allows for the use of micromachin-
ing processes commonly used for MEMS devices.
Consequently it is possible to make these piezore-
sistive sensor structures very small and relatively
cheap. Several of the proposed sensors listed in
Table 1 have been produced using these microma-
chining processes [48, 50, 51, 54, 55].

Not all papers have proposed custom designed
and produced sensors. Four of the papers listed
in Table 1 have implemented off-the-shelf piezore-
sistive force sensors. Anderson et al, Latt et al.
and Schwalb et al. [45, 49, 52] have placed off-the-
shelf sensors at the proximal part of the instrument
near the actuators. Zemiti et al.[56] have proposed
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an off-the-shelf sensor to be integrated in a trocar.
By doing so the relatively expensive sensors are
subject to less stringent sterility requirements and
could therefore be reusable. These are not the only
sensors that are (potentially) reusable. A few have
used biocompatible coatings to make their sensors
both biocompatible and sterilizable [46, 50, 51].
Other papers included in Table 1 have not men-
tioned the sterilization requirement.

5.1.3 FSR sensor

Only one FSR sensor has been included in Table
1. However, since it works in a fundamentally dif-
ferent way from both metallic strain gauges and
piezoresistors it is discussed separately.

The FSR sensor used by [57] consists of three
layers. The first layer contains fully conductive
sensing electrodes. The second layer consists of a
semiconductive composite polymer that contains
conductive particles. The third layer is a common
reference electrode. So current has to flow through
the semiconductive polymer to obtain a signal.

The sensor works as follows. When no load is
applied the conductivity of the polymer is low and
the resistance is high. With the application of a
load the polymer layer is compressed and its con-
ductive particles are closer together. As a result
there is an easier path for the electrons to travel
through the polymer which increases conductivity
and reduces the resistance. Through calibration
the reduction in resistance can be related to the
force being applied. By using four sensing elec-
trodes Li et al. are able to measure forces in 3
DoF [57]. Contrary to strain gauges which only
change their resistance a few percent FSRs can
change their resistance a few orders of magnitude.
The high sensitivity voids the need for any bridge
circuit that is necessary for strain gauges [118].

Other than being highly sensitive FSRs are also
very robust and able to work at temperatures of up
170°r°C while being relatively insensitive to hu-
midity [57, 118]. Although not explicitly stated
this means that these sensors are likely sterilizable.

Li et al. provide no accuracy figure to com-
pare their sensor to other resistive sensors. How-
ever, in experimental testing on a tissue phantom
their sensor, used as a probe, was able to produce
a stiffness map very similar to one produced by an
off-the-shelf reference sensor [57].

5.2 Capacitive sensing

A capacitive force or displacement sensor measures
a change of the capacitance between two flat plate
electrodes separated by a gap. The capacitance
(C) between the two electrodes can be given by:



(A) (B)

Moving plate

Fixed plates

Figure 8: Variable-area type capacitive displacement sensors in (A) normal and (B) differential config-

uration. Figure taken from [115].

(4)

With A the overlapping area of the two plates,
d the distance between the plates and € the permit-
tivity. Important to note is that the permittivity
depends on the material between the electrodes as
well as the temperature and frequency [115].

From equation 4 it is clear that the capacitance
is affected when the area, distance or permittiv-
ity between the plates changes. Since the distance
d is generally very small and the relation is in-
versely proportional the capacitance is much more
sensitive to a change in the distance. However,
the fact that the distance is inversely proportional
to the capacitance also means that the output is
non-linear, especially for large displacements.

The high sensitivity of variable distance mea-
suring is the reason why all but one of the capac-
itance sensors in Table 1 use it to measure forces
[59, 60, 61, 62, 63, 64, 65]. In order to cope with
the inherent non-linearity some use a calibration
procedure that fits an exponential function to the
sensor output [60, 61]. Others fit a linear approxi-
mation or which should suffice for smaller displace-
ments [58, 59, 62].

Dai et al. take a different approach. Instead
of choosing for either variable distance or variable
area sensing they use a hybrid system. Variable
distance electrodes are used to measure normal
forces and variable area electrodes are used to mea-
sure shear forces [58].

To improve the sensitivity of the variable area
electrodes Dai et al. have used a differential setup
[58]. Figure 8 shows the difference between a nor-
mal (A) and a differential configuration (B) for a
variable area sensor. In the differential setup there
are three parallel electrodes. There are two dis-
tinct capacitances. One between the top and left
electrode and one between the top and right elec-
trode. These capacitances are subtracted such that
when the top electrode is in the middle above the
other two the output is zero. When the top elec-
trode moves to the right the capacitance with the
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right electrode increases but decreases with the left
electrode. Now the output is no longer zero and
has changed twice as much compared to a non-
differential setup. The result is a linearized change
in capacitance for small displacements. Because
the system now measures changes as a deviation
from zero, as well as the output doubling, a dif-
ferential setup is much more sensitive. The differ-
ential setup is also able to compensate for sources
of interference that act on both capacitances. For
example a parasitic change of distance, tempera-
ture or frequency [115, 119]. Tt is still important
to reduce the amount of parasitic movements for
example through a compliant structure that only
allows displacement in the required direction.

Nagamoto et al. and Nakadegawa et al. have
both constructed a completely different type of ca-
pacitive sensor [63, 64]. Instead of flat plate elec-
trodes they use cylindrical electrodes. The elec-
trodes consist of liquid metal contained microflu-
idic channels etched in PDMS. They both work in
a variable distance mode, but due to the cylindrical
electrodes the output is linear [63, 64].

A final important consideration for capacitive
sensors is the high sensitivity to electromagnetic
interference. Because most capacitors have very
small capacitances (in the order of pF-nF) their
output current is also very small, even at high ex-
citation frequencies [116, 115]. This makes capac-
itive sensors very sensitive to other electric fields
like those caused by electronic devices or even be-
tween the wires leading to and from the sensor.
The influence of this source of error can be miti-
gated through shielding and by placing the process-
ing electronics near the sensor [116]. Almost all of
the examples in Table 1 have protected their sensor
from EM interference by doing exactly that. They
have shielded the sensing electrodes and placed
the capacitive to digital converter (CDC) close to
them. This means that the CDC had to be placed
at or near the tip of the instrument. As a result
none of these sensors is reusable.

Table 1 shows that while some of the included
capacitive sensors have a very high resolution the
force range is generally limited. The accuracy shows



a great variation with some less than 95% [60, 61]
and another more than 99% accurate [62].

5.3 Optical sensing

Optical sensing strategies are distinguished by the
use of light to measure displacements and forces.
Many different types of optical sensors exist but
not all of them are useful in the context of (RA)MIS.
The two types that have been proposed extensively
for use in surgical instruments are light intensity
modulating (LIM) and Fiber Bragg Grating (FBG)
sensors. The basic physical functioning behind these
two types and the associated literature will be dis-
cussed in the following sections.

5.3.1 Light Intensity Modulating sensor

LIM sensors measure changes in light intensity from
a displacement or a force. LIM sensors are the
most simple and cheap type of optical sensor. Their
simplicity stems from the fact that they measure
intensity irrespective of frequency or phase. Con-
sequently, they can use low coherence light sources
and simple light detectors [120]. However, they are
not as sensitive as interferometric or FBG sensors
[115, 120, 121]. Table 1 includes 9 papers that have
proposed LIM sensors in (RA)MIS. They include
several different methods to influence the intensity
of light.

With 7 out of 9 examples using this method,
changing the distance the light travels from emit-
ter to detector is by far the most popular method
[67, 68, 70, 71, 72, 73, 74]. The distance can be
altered by moving the detector with respect to the
emitter or, more commonly, by moving a mirror
that reflects the light away from both as illustrated
in Figure 9 [122, 115, 121].

These sensors work because the inverse square
law dictates that the intensity of light is inversely
proportional to the square of the distance. This
happens because with a diverging light beam fewer
photons hit the detector when it is placed at a
larger distance. When the light is reflected back
to the detector by a mirror the intensity can even
become inverse to the fourth power of the distance
[115].

The simplest example of this kind of LIM sen-
sor uses only one light beam and measures forces
in a single DoF. Generally the light sources and
detectors are placed far from the transducer (the
moving mirror). The light is transmitted to and
from the transducer by optical fibers. This can be
done as shown in Figure 9 using separate trans-
mitting and receiving fibers [71]. Alternatively a
single fiber with an optical coupler can be used
[70]. To measure forces in 3 DoF the displacement
of the mirror needs to be measured on three loca-
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Figure 9: Example of a variable distance intensity
modulating sensor. Figure taken from [123].

tions. As in Figure 9 this is done by placing the
fiber (pairs) 120 degrees apart [67, 73, 74].

It is also possible to use no optical fibers at
all. In this case the light source and detector are
mounted radially. The light is reflected by reflec-
tors mounted at a smaller radius around the long
axis. For example Fontanelli et al. proposed a sys-
tem with optical sensors mounted radially in a tro-
car. The light is reflected by a bronze ring around
the instrument [68]. Noh et al. have used a similar
configuration to measure the radial forces acting
on a flexible manipulator for RAMIS [72].

A different way to modulate the light intensity
for force measuring was proposed by Hosseinabadi
et al. [69]. In their sensor an optical slit is placed
on the proximal part of the instrument shaft be-
tween the light source and detector. When the in-
strument is deflected due to a force the slit moves
with respect to the light beam. In doing so it will
block some of the light from passing through. This
change is measured by the light detector.

The final light modulation method alters the
intensity by bending the fiber that conducts the
light. Bandari et al. [66] have used this method
to construct a sensor that measures grip forces in
a MIS grasper. Their design uses an optical fiber
placed below a deformable grasping surface. When
a grip force is applied the deformation pushes into
the fiber causing it to bend and reduce the intensity
[66]. To explain how bending of the fiber reduces
the intensity we have to look at the construction
of an optical fiber and how it conducts light. The
cladding material that surrounds the core as shown
in Figure 10 generally has a lower index of refrac-
tion compared to the core. This results in an inter-
face at which either internal reflection or refraction
can occur. In a straight fiber light travels mostly
at large angles of incidence to the interface (63 in
Figure 10). Therefore it is able to reflect from side
to side through the fiber without losing intensity
[122].

When the fiber is bent as shown in Figure 11,
the angle of incidence is reduced. At a certain an-
gle, called the angle of total internal reflection, the
light is no longer fully reflected. When the an-
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Figure 10: Illustration of the construction of an
optical fiber as well as the reflection of light in an
optical fiber. Figure adapted from [122].

gle of incidence becomes smaller than the angle of
total internal reflection light is refracted into the
cladding material, following direction y instead of
x in Figure 11, and its energy is lost. Therefore,
bending the fiber, especially over small radii, leads
to more losses in the fiber and a reduced intensity
measured at the detector [122, 120].

force

Figure 11: Illustration of a fiber bend intensity
modulating sensor. When the angle of incidence
becomes too small light is refracted along y instead
of reflected along x. Figure adapted from [122].

The methods discussed provide relatively sim-
ple modulation of the light intensity. However, al-
most all of these mechanisms are affected by para-
sitic changes of the intensity. For example when an
applied axial force also causes a change in tilt of the
mirror or when fluctuations in the light source oc-
cur. Similarly, the optical fiber bending somewhere
along its length can cause unwanted changes in in-
tensity. All of these effects are indistinguishable
from the actual measurand [115, 120, 121]. Most
of these inaccuracies can compensated by adding a
reference fiber that is subjected to the same par-
asitic effects but not the measurand [121]. This
works in a similar way as temperature compensa-
tion with an additional strain gauge in a bridge
circuit. A reference fiber was included in some of
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the designs that used optical fibers [67, 70, 73, 74].

Also similar to the strain gauge sensors, the
LIM sensors in Table 1 show a large spread in force
range. For this kind of sensors the force range is
mainly determined by the stiffness and the range
of motion of the measured displacement. This also
results in the fact that an increased force range
results in a lower resolution since a similar force
now produces a smaller displacement.

5.3.2 Fiber Bragg Grating

Because FBG sensors are biocompatible, likely ster-
ilizable and EM insensitive they have been pro-
posed for many different biomedical applications
[124, 120, 125]. Table 1 includes 10 papers that
use FBG sensors in (RA)MIS. For all of them the
operating principle of the FBG is the same.
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Figure 12: Operation of a Fiber Bragg grating
sensor. Figure taken from [126].

As shown in Figure 12 FBG sensors are com-
pletely contained within an optical fiber which makes
them very small and robust. The sensing region of
a FBG is created by periodically modulating the
index of refraction resulting in a grating. As a re-
sult FBGs act like the optical equivalent of a band-
pass filter reflecting only a small peak of light (see
Figure 12. The wavelength of the light that is re-
flected back Ap is called the Bragg wavelength and
is given by [120, 125, 127]:

()

Here, nesy is the average effective index of re-
flection in the sensing region and A is the grating
pitch.

FBG sensors work by detecting a shift of the
Bragg wavelength caused by a change of grating
pitch due to applied strain. Because they measure
wavelength shift instead of intensity they are not
susceptible to intensity inference caused by fiber
bending or light source variability. However, mea-
suring the light spectrum instead of the intensity
is more complex and costly.

FBG sensors are not only sensitive to strain,
they are also very sensitive to changes in tem-
perature. The temperature sensitivity is caused
by thermal expansion changing the grating pitch

)\B = QneffA



and the thermo-optic effect changing the index of
refraction. These effects are large enough that
FBGs can also be used as temperature sensors [124,
127]. Since the temperature is not constant dur-
ing surgery this can become a large source of er-
ror. To compensate for the thermal sensitivity
some have added a reference fiber to their design
[76, 77, 82, 83]. The reference fiber uses a FBG
sensor that is placed close the the sensing regions
of the other fibers but not subjected to strain.

A single FBG sensor can only measure strain
in its longitudinal direction. Therefore, measur-
ing forces in multiple directions requires several
FBGs. To do so most of the examples include
compliant structures. These structures allow dis-
placements in the required directions while con-
straining movement in all others. The structures
help arrange the FBGs in a way to measure the
required forces without any crosstalk or parasitic
effects [75, 79, 81, 82, 84]. Some others have fixed
the FBGs directly on or in the instrument with-
out the use of compliant structures [78, 80, 83].
When one wants to measure forces in 6 DoF it is
no longer necessary to have any additional con-
straints. Therefore, Haslinger et al. have proposed
a sensor that uses 6 FBGs as the legs of a Stewart
platform [76]. Lai et al. have used FBGs to mea-~
sure forces acting in a tendon-sheath mechanism
used to steer a NOTES instrument [77].

Both Lai and Haslinger make use of one of the
unique advantages of FBGs namely the possibility
of multiplexing [76, 77]. Multiplexing allows for the
placement of multiple FBGs in the same fiber, or
similarly the transmission of multiple FBG signals
through the same fiber. This is possible when the
FBGs have a different Bragg wavelength such that
their output spectra do not overlap [122, 116, 121,
120].

Looking at the performance figures in Table 1
it is clear that FBG sensors in general are able
to achieve high resolutions over large force ranges.
Moreover, almost all of them are more than 95%
accurate and five of them are more than 98% ac-
curate.

5.4 Magnetic sensing

Magnetic sensors use magnetic fields created by
permanent magnets or through induction to mea-
sure displacements and forces. Popular types of
magnetic sensors include Hall sensors, magnetore-
sistive (MR) sensors and inductive (LVDT) sen-
sors. The operation of these types of sensors and
the included literature will be discussed separately
in the next two sections.
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5.4.1 Hall/magnetoresistive sensor

Hall sensors and MR sensors are both technically
magnetic field sensors. However, the magnetic field
density B decreases with increasing distance from
the source. Therefore they can also be used to
measure displacements and forces.
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Figure 13: Illustration of a hall plate sensor. Fig-
ure taken from [115].

Hall sensors and magnetoresistors both work
through the same phenomenon [122, 128]. Both
sensors generally come in the shape of a plate with
thickness d that has a current (I) passing through
it. When a magnetic field (B) is applied perpen-
dicular to this plate an electromotive force (F),
commonly known as the Lorentz force, will cause
passing electrons to move in the transverse direc-
tion. This is illustrated in Figure 13. The deflected
electrons cause a transverse potential called the
Hall voltage (Up) which can be calculated using
the following equation [115, 128]:

_ RyIB

Un ]

(6)

The Hall coefficient Ry equals 1/ng where n is
the carrier density of the material. In most mate-
rials the majority of the carriers are electrons. In
this case the Hall coefficient is negative because the
electron has a negative charge ¢. In semiconduc-
tors the majority of carriers can also be holes with
a positive charge in which case the Hall coefficient
is positive [115].

The deflection of the charge carriers not only
creates the Hall voltage, it also results in a higher
resistance because the carriers take a longer path.
This effect is called the magnetoresistive effect [128,
117]. The change in resistance in classical MR sen-
sors is generally only a few percent. Similar to
strain gauges and piezoresistive sensors the sensi-
tivity can be enhanced by implementing the MR
sensors in a Wheatstone bridge [115]. The choice
between Hall and MR sensor depends on the re-
quired sensitivity and the possibility of adding two
additional electrodes to measure the hall voltage
[129].

Among the papers listed in Table 1 two of them
are based on Hall sensors. McKinley et al. [87]
have proposed a disposable probe to palpate tissue
and look for subcutaneous blood vessels in RAMIS.



The spring loaded probe tip is used to move per-
manent magnets up and down next to a Hall effect
encoder. The spring stiffness and the measured dis-
placement are used to determine the applied force.
The result is a relatively cheap and simple force
sensor [87].

Jones et al. use the Hall effect to measure forces
at the tip of a disposable grasper in MIS [86]. To
do so they have placed a permanent magnet inside
the hard layer of the toothed grasping surface. The
magnet is separated from the Hall sensor by a layer
of soft silicone rubber. Therefore, when a grip force
is applied the magnet moves closer to the Hall sen-
sor proportional to the force. This way the sensor
is able to measure the grip force up to 35N as well
as shear (x-direction) force up to 7N with [86].

5.4.2 Inductive sensors

A popular inductive sensor suitable for measuring
small displacements and forces is called the Linear
Variable Differential Transformer (LVDT) [116]. A
LVDT consists of three coils and a concentric ferro-
magnetic core as shown in Figure 14. The middle
coil is supplied with an AC voltage resulting in
an alternating magnetic field. The other two coils
are inductively coupled to the central coil by the
core. The induced voltages in the sensing coils are
subtracted such that when the core is in the mid-
dle position the sensor reads 0V. When the core
moves, due to an applied force for example, the in-
duced voltage in one of sensing coils increases and
decreases in the other [116, 85].
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Figure 14: Schematic construction of an LVDT.
When the core is in the middle the output is zero.
When the core moves the voltage at one coil will
increase. Figure adapted from [116].

The LVDT has been used by Darvish et al. to
construct a palpation probe for MIS [85]. Similar
to the probe proposed by McKinley et al. it uses a
spring mounted probe tip. In this case the move-
ment of the probe tip causes a change in position
of the ferrite core relative to the three coils. Com-
bined with the spring stiffness this displacement is
used to determine the forces up to 3N [85]. While

the result is a robust and relatively accurate sen-
sor it could be questioned whether a LVDT can be
made small enough, sterilizable, or cheap enough
to be disposable.

5.5 Input force sensing

This force sensing strategy does not directly mea-
sure the external forces applied to the tip. In-
stead, it determines the forces the robot generates
to move the instrument, close the grasper or steer
the tip. These input forces are subsequently used
to estimate the corresponding external force at the
tip. The lack of distal sensors, or any sensors at
all, prevents any concerns about biocompatibility,
sterilization, size, reusability or EM interference.
Depending on the forces one wants to know there
are several ways to implement this strategy .

‘When the instrument is steerable and cable driven

like the one in Figure 1 it is possible to deter-
mine the grip force by measuring the tension in
the cables that actuate the instrument. The x and
y forces can also be measured through the cable
driven joints that pitch and yaw the instrument
tip. The tension on the cables can be determined
by measuring the tension directly [89, 95, 100].
The tension can also be determined by measur-
ing the current going to the actuators that pull
on the cables. Since for DC-motors the output
torque is linearly related to the current this is a
relatively simple calculation. Most of the exam-
ples included in Table 1 use cable actuator cur-
rent and angular position measurements to esti-
mate tip forces [88, 93, 98, 99, 102, 103]. Two of
the included examples use pneumatic cylinders to
drive the cables that actuate the instrument. So
instead of motor current they use changes in cylin-
der pressures along with position measurements to
estimate tip forces. Because they use instruments
with different actuation mechanisms they are able
to measure forces in more DoF [96, 90]. Matich et
al. implemented tip force estimation in an instru-
ment intended for NOTES. Their instrument uses
push/pull rods to actuate the instrument. There-
fore they measure the tension/compression on the
rods at the actuator [94].

Estimating the tip forces through the actuator
torque and displacement involves complex dynamic
and kinematic equations. Additionally, there are
several sources of friction in the system that make
the system highly non-linear and more difficult to
model accurately. Most of the examples have in-
cluded friction models in the dynamic model of the
system [89, 90, 93, 95, 96, 98, 99, 103]. Others use
neural networks with a training data-set to fit a
model to the complicated friction effects in the sys-
tem [101, 102]. Then there are also two examples
that use neural networks to model the complete



Figure 15: Three images to indicate visual changes resulting from increasing instrument-tissue inter-

action forces. Figure taken from [110].

system [88, 92]. Matich et al. [94] use a completely
different approach. They didn’t include friction in
the system model nor did they use neural networks
to come up with a model. Instead they reduce
friction in the system through high frequency vi-
brations. By doing this they are able to eliminate
cross-sensitivity and reduce hysteresis by a factor
of 4 [94]. The data included in Table 1 are incon-
clusive as to which of these approaches results in
the highest accuracy.

Two of the examples are able to estimate the
x,y and z forces on the conventional cable driven
RAMIS instrument tip without the use of sensors.
This is achieved by measuring both cable actuator
torques and the torques created in the actuators
of the robot arm [91, 97]. While this enables the
estimation of forces in the z-direction it also fur-
ther complicates the kinematic equations used to
estimate the tip forces. Moreover, this estimation
method is influenced by both friction in the in-
strument and forces occurring at the trocar as ex-
plained in Section 3.2.1. The model used by Sang
et al. includes a tendon-pulley friction model for
the internal friction but does not account for the
trocar forces [97].

The force sensing and estimation solution pro-
posed by Yilmaz et al. [101] is able to measure or
estimate forces and torques at the instrument tip
in 6 DoF. It does so by combining measurements of
instrument actuator forces and displacements with
measurements from a 6 DoF force sensor mounted
at the interface between the instrument and robot
arm. This system also uses a dynamic model to
relate the measured forces at the interface to force
at the tip. The instrument actuator data is related
to external forces through a trained neural network
model [101]. This hybrid approach to data acqui-
sition and system modelling results in the high-
est accuracy in this category while measuring in 6
DoF.

All but one of the papers in this category dis-
cuss a way in which they account for friction [91].
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Nonetheless it must be added that the performance
figures in Table 1 are probably still not indicative
of real life performance. None of the examples has
been tested in an ex vivo,in vivo or otherwise rep-
resentative setting. The friction parameters and
training data-sets were obtained in dry laboratory
settings. This means that the models are likely
unable to cope with changing friction characteris-
tics due to moisture or changes of temperature as
well as the interaction forces from the trocar and
abdomen.

5.6 Image based sensing

Image based estimation methods use images of the
surgical field, provided by the endoscope, to esti-
mate the force being applied to a tissue. What is
interesting about this approach is that it is able to
obtain force data from inside the body without the
use of invasive sensors. In most cases the images
from the endoscope are used to determine the in-
dentation dept of the instrument in the tissue and
from that calculate the corresponding interaction
force [104, 106, 107, 109, 110]. Figure 15 shows how
an increasing interaction force can clearly be visu-
ally recognized. An advantage of this approach is
that no equipment is required which is not already
used in MIS.

There are multiple ways one could go about
the detection of indentation depth and estimation
of force. The solutions provided by Aviles et al,
Gao et al. and Marban et al. [104, 106, 109] use
neural networks and shape recovery algorithms to
relate the images to force data. More specifically,
Aviles and Marban use a type of recurrent neural
network (RNN) called a Long-Short Term Mem-
ory (LSTM) network and Gao uses a Temporal
Convulutional Network (TCN). The networks are
trained with data obtained through images of an
instrument interacting with artificial or ex vivo tis-
sue. [104, 106, 109]. Marban et al. used a part of
the training data to evaluate the performance of



the system after training [109]. Gao et al. used
data obtained with a phantom and ex vivo tissue
separately to train and validate the network and
compare the results [106]. Aviles et al. used both
a part of the ex vivo training data and another set
of in vivo data obtained with porcine tissue [104].
Table 1 shows that both were able to obtain a high
accuracy.

Noohi et al. took a different approach to the
detection of indentation depth with endoscope im-
ages [110]. Instead of using a neural network they
came up with their own force estimation algorithm.
The algorithm is based on the assumption that the
tissue is a continuously smooth surface (which of-
ten the case in the human body) with a local de-
formation caused by interaction with the instru-
ment. The algorithm compares the smooth surface
approximation with the deformed situation in the
image. The force is finally estimated using the ob-
tained indentation depth and the stress-strain re-
lation. Experimentation with a lamb liver showed
that the algorithm has a relatively low error [110].

A similar method is proposed by Haouchine et
al.[107]. Using a depth map obtained through the
stereoscopic endoscope images they make a physi-
cal 3D reconstruction of the scene through the fi-
nite element method. With this reconstruction and
by tracking the instrument tip any contact with
the tissue can be detected. The contact force is
calculated by tracking the tip displacement when
in contact [107].

While these three examples of tissue indenta-
tion force estimation have achieved good accuracy
so far there are still some factors which may com-
plicate their use in practice. First of all there are
some effects that can reduce the image quality.
The high reflectivity of moist tissues in vivo can
cause bright spots in the image [104, 110]. Also
movement of the endoscope and smoke can reduce
the image quality [110]. There are also occlusions
which may hide or influence the detection of in-
dentation. These occlusions can be caused by in-
struments or by fluids like blood [104, 110]. Some
of these factors can be mitigated by using stereo
vision. This however comes with considerable cost
[110]. A final issue is that in some cases the in-
strument might be puncturing the tissue instead
of indenting. This will be particularly difficult to
include in the algorithm put forward by Noohi et
al. and Haouchine et al. Also the neural network
based solutions will have to be trained specifically
to detect such events.

The final two examples included in Table 1 both
use the images provided by the endoscope in a
completely different way from the previous three.
Faragasso et al. have provided a means of palpat-
ing tissues in MIS using only the endoscope and
a disposable add-on [105]. The add-on is placed
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around the end of the endoscope and has four can-
tilever beams protruding in front of the lens under
an angle as shown in Figure 16. When the endo-
scope with cantilevers is pushed into the tissue the
beams will deflect more into the view of the en-
doscope. However, the beams not deflect equally
because one of the beams has a different stiffness
from the other three. The relative deflection of
the beams can subsequently be measured through
image processing and used to calculate the tissue
stiffness [105].

Figure 16: Image based palpation instrument
added onto an endoscope. Figure taken from [105].

A similar but reusable strategy was proposed
by Watanabe et al. [111]. Their system involves
a piece of panty stocking fabric being placed in
front of the endoscope. In front of the stocking
material is a pin which, when pressed into tissue,
deforms the stocking material. The deformation is
registered by the endoscope and related to a force
through a calibration curve [111].

Maeda et al. have proposed another different
approach [108]. Their solution involves deformable
structures placed at the instrument tip. The struc-
tures consists of a deformable silicon layer which is
separated from a transparent glass layer by a small
gap. The gap is small enough that light reflected
off the silicon layer interferes with the incoming
light. As a result only one color of light is reflected
back making the structure look green. The color of
the reflected light is visible through the endoscope.
When a force is applied normal to the deformable
silicon layer the size of the gap will change uni-
formly. The change of gap size will result in a uni-
form change in color being reflected to be picked
up by the endoscope. When a force is applied in a
transverse direction the deformable structure will
tilt and result in what they call a ’slope of color’.
Implementing these structures at the tip will al-
low for the measurement of grip forces as well as
forces in the x- and z-directions. So far however
the maximum force of the structure is lower than
the expected grip force. There are also no accuracy
figures provided in the paper [108].



5.7 Acoustic sensing

The acoustic sensing category is distinguished by
the use of sound waves for the measurement of
forces. This can be low frequency waves but also
high frequency ultrasound waves. Using sound waves
instead of electrical signals results in an inherently
sterilizable and EM insensitive sensor with very
few parts.
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Figure 17: Acoustic reflection sensing principle.
Figure taken from [112]

Only one example of acoustic force sensing has
been included in Table 1. Ly et al. use a sens-
ing principle based on acoustic reflection [112]. It
works by sending a sound wave into an acoustic
cavity. At the end of the cavity, at the instru-
ment tip, there is a deformable part of the cavity.
When no force is applied the acoustic wave travels
through the cavity and reflects only at the end of
the cavity. The amplitude of the reflected wave is
measured by a microphone at the beginning of the
cavity. When a piece of tissue is grasped a force
is applied to the deformable part pushing it into
the cavity. Now there is not only a reflection oc-
curring at the end of the cavity but also at the de-
formed region some distance from the end. This is
shown in Figure 17. The additional reflection can
be detected by a change in amplitude or a phase
difference measured by the microphone. The size
of the effect provides information on the size of the
deformation and thus the force. By implementing
two cavities that deform in different directions they
were able to create a 2 DoF sensor [112].

The force range and accuracy shown in Table 1
are still inadequate for grasping force measuring in
MIS. However, improvements can be made by op-
timizing the stiffness of the deformable part. Since
the wave velocity depends on temperature the sen-
sor is still sensitive to changes in temperature. No
solution to this sensitivity was put forward in [112].

5.8 Pressure based sensing

Pressure based force sensors measure changes in
pressure caused by an applied force. In Section 5.5
two papers were discussed that use pressure differ-
ential in their sensing strategy [96, 130]. However,
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since this pressure is measured at the actuator to
estimate the actuation forces they are not included
here. The paper that is included here uses pres-
sure measurements to estimate the external force
directly. The way Gaudeni et al. [113] have imple-
mented their sensor it does not measure external
forces exerted on the tip. Instead they have in-
tegrated a small inflatable structure in the distal
shaft of the instrument. When deflated it does not
protrude from the shaft. However, when a force
measurement is needed it can be inflated, pressed
against tissue and used for palpation. The change
of pressure when in contact allows for the calcula-
tion of the contact force with reasonable accuracy
[113].

The proposed sensor has some clear advantages;
it does not need electrical connections near the tip
and as a result it is insensitive to EM interference.
The device is cheap and disposable but with proper
material selection could also be sterilizable. By the
way in which it is integrated it does not increase
the size of the instrument and is not in the way
when it is not being used [113]. Pressure sensors
with an enclosed volume are however sensitive to
changes in temperature. No mitigation measure
against this was provided in the paper but includ-
ing a temperature sensor and using the ideal gas
law might already be sufficient.

6 Discussion

Figure 18 shows how the publication dates of the
included papers and different categories are dis-
tributed. The figure shows that force sensing in
MIS has been an increasingly popular topic with 28
papers being published over 2017 and 2018. This
rise coincides with the approval and subsequent
popularization of robotic surgery.

Not only has the topic become very popular
over the past 20 years, it has also become a very
diverse field. Figure 18 shows how the included
literature is spread over the 8 different sensing cat-
egories and over time. It must be noted that the
figure might provide a slightly distorted view since
only the latest iterations of certain sensors were in-
cluded. This means that they appear later in time
while their first iteration might have been pub-
lished some years earlier. Nonetheless, it shows
that the category which is currently the largest,
the resistive sensors, has also been popular for the
longest time. Already since 2003 at least one paper
using resistive senors has been published almost ev-
ery year. As the oldest category included in this
study the optical sensors have become the much
more popular category in the pas two years. Al-
most all the other categories have mainly gathered
interest in the last 5 to 10 years. Therefore they
could still catch-up in terms of the number of pa-
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Figure 18: Distribution of included papers and
categories over the past 24 years.

pers published. Especially the input force based
sensing strategies have recently gained consider-
able attention.

The number of different sensing strategies and
their popularity over time shows that no generally
preferred strategy has been found yet. Moreover,
within each category there is an even greater diver-
sity of sensor types and solutions. In table 1 and
Section 5 it can be seen and read that the solutions
can differ greatly in application, specifications, me-
chanical construction and performance. The large
diversity is likely due to the numerous and strict
requirements associated with force sensing in MIS.
The strict requirements make picking one sensing
strategy over another mostly a trade-off between
requirements.

The following sections will return to the re-
quirements and considerations put forward in sec-
tion 3 and discuss how the included literature re-
late to them. Doing so will exemplify the trade-
offs and wide ranging specifications between the
proposed solutions.

6.1 Degrees of Freedom

In section 3.1.1 it was explained that the number
of DoF one needs to measure depends on the appli-
cation. For force feedback and force limiting it is
not strictly necessary to measure forces in all DoF
to obtain useful improvements. For palpation only
one DoF might already be sufficient.

Figure 19 shows that for more than 80% of in-
cluded literature it was decided not to measure all
DoF. Most commonly only one or 3 DoF are mea-
sured.

Almost all of the 3 DoF strategies measure or
estimate the linear forces in the x, y and z direc-
tions. Since these forces are perhaps most relevant
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Figure 19: Number of Degrees of Freedom (DoF)
in the proposed sensing strategies

for improving safety as well as tissue handling it is
not surprising that so many examples have chosen
to focus on these forces.

Interestingly, the strategies that measure torque
around the z-axis are almost all 6 DoF sensors.
Only two exceptions propose to measure the torque
around the z-axis with a 4 or 5 DoF sensor. None
of the references explicitly state why they chose
to have a 6 DoF instead of a 4 DoF sensor. Per-
haps the torque around the z-axis was not deemed
specifically relevant for tissue interaction or sutur-
ing after all. It might also be more complicated
to design and implement a compliant structure, or
sensor arrangement, that allows only this torque to
be measured but not the other two torques. More-
over, 6 DoF sensors are more readily available off-
the-shelf.

The one DoF group is split between sensing
strategies that only measure or estimate the grip
force and those that only measure force in the z-
direction. On top of the single DoF grip force sen-
sors there are 11 other sensors that have included
grip force measurements bringing the total to 25.
For 4 of those the grip force is combined with only
the x and y linear forces. With cable driven steer-
able instruments all three of those DoF can be es-
timated through the cable tension. 5 others mea-
sure all three linear forces along with the grip force.
Most of these are tip mounted sensors. The rela-
tively high number of grip force sensors reflects the
fact that inappropriate grip force is considered one
of the most common and interesting error modes
during surgery.

The group that only measures forces in the z
direction consists mainly of palpation instruments.
There are however also 10 palpation instruments
that measure forces in 3 or more DoF, one of which
measures in 6 DoF.



The 10 included 6 DoF sensors form a quite
uniform group. All but one of them are intended
for use in RAMIS. This is not surprising consid-
ering that with MIS instruments there are only 5
DoF. They also all measure the x,y and z forces
and torques, so no grip force.

Force range in the included literature
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Figure 20: Force ranges of the proposed sens-
ing strategies split between grasper instruments in
blue and palpation instruments in red. Note: For
multi-DoF sensors the largest range is used.

6.2 Sensing Range

In Section 3.1.2 it was argued that the measure-
ment range should be around 10N for tissue inter-
action forces and at least 4N for grip forces. For
palpation it was found that, although a bit more
arbitrary, a range of 2N should suffice. Figure 20
gives an overview of the force ranges for grasping
and palpation instruments found in the literature.
It shows an almost uniform distribution of force
ranges in grasping instruments. Only 26 out of the
64 force sensing strategies in grasping instruments
meet the 10N and 4N requirements. For palpation
instruments 7 out of 20 have a range greater than
or equal to 2N.

A possible explanation for this low 'passing rate’

is that due to technical challenges it is difficult to
meet these requirements. Especially for distal sen-
sors that have to fit through a narrow trocar a large
sensing range can be challenging. Fore some solu-
tions the compliant structure used to separate dif-
ferent force components has only a limited strength
due to the lack of space. In other cases the small
space reduces the amount of displacement that can
be achieved under load. Both factors reduce the
maximum measurement range for distal sensors.
Many of the proposed sensors also have an axial
z-force range that is more than twice as high as
the x- and y-forces that act in bending. This is
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a result of the fact that the strength or stiffness
of the instruments is also different in those direc-
tions. In both cases increasing or decreasing the
strength or displacement range also influences the
obtained resolution of the sensor. Therefore the
results found in the literature are likely the result
of a trade-off between range, resolution and the
stiffness in the different directions.

A second explanation for the low ’passing rate’
is the lack of information on what the force range
during surgery actually is. In Section 3.1.2 it was
already discussed that the currently available data
for the sensing range were obtained with sensors
that were mounted proximally on MIS instruments.
This means that the measurements were affected
by the distortion effects discussed in Section 3.2.1.
To date no distally mounted sensor has been used
in a realistic laparoscopic surgical environment in
order to obtain force data during a procedure. There-
fore there is no data yet of the actual interaction
forces that occur during surgery. This means that
it is almost impossible to ascertain the exact force
range required for force feedback or force limiting.

As mentioned in Section 3.1.2 the sensing range
for palpation instruments is somewhat arbitrary.
Whether the range is adequate depends mostly on
whether the resolution within the range is high
enough to differentiate tissue stiffness.

6.3 Location

In Section 3.2.1 the locations at which one could
place a sensor were listed. It was explained that
the choice of location is a trade-off between the
required accuracy and biocompatibility, reusabil-
ity and size requirements. Figure 21 shows if and
where it was decided to include sensors in the liter-
ature. Given the accuracy limitations of proximal
sensors and estimation methods outlined in Sec-
tion 3.2.1 it is not surprising to find that almost
two-thirds of the examples include sensors placed
at distal locations.

Also interesting is that 32 papers propose ’'sen-
sorless’ or proximal solutions to force estimation.
The sensorless solutions include the input force and
image based sensing methods that do not require
any additional sensors added to the instrument.
These solutions as well as the proximal sensors,
according to the limitations, should not be able to
produce accurate results. Nonetheless, some of the
data in Table 1 suggests that these strategies can
still be relatively accurate.

There are however some reasons for apprehen-
sion when interpreting these results. Firstly, al-
though this category (especially the input force
category) includes some examples of relatively ac-
curate estimations it also includes some of the low-
est accuracy results.
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Figure 21: Distribution of relevant papers over
the different sensor locations.

A second reason for apprehension is the valida-
tion process of these strategies. As stated before,
none of the distal sensors that were found for this
review have been used in a representative laparo-
scopic surgical procedure. The same is also true
for the proximal and sensorless estimation meth-
ods. Most solutions in these categories have only
been tested and validated in an experimental set-
ting. Some have also been validated using ex vivo
organs or tissue phantoms. None of them were vali-
dated in a setting close to a true surgical procedure
with a trocar, inflated abdomen, blood and other
fluids and multiple instruments. This fact is of
particular importance because these are precisely
the factors that might severely limit the accuracy
of proximal or sensorless estimation strategies. For
strategies that use proximal shaft sensors or calcu-
late robot arm torques to estimate tip forces the
effect of the trocar and inflated abdomen might
significantly reduce the accuracy. Strategies that
involve the measurement of internal cable tension
are not necessarily affected by trocar and abdomen
forces. They could however be significantly af-
fected by blood and other fluids that change the
internal friction. Moreover, they only work for ca-
ble driven steerable instruments which are not the
only type of instrument used in RAMIS. The im-
age based strategies are not affected by the trocar
and abdomen or by a change of instrument friction.
However, the use of flushing fluids, the presence of
blood, gauze, or instruments can obstruct the view
and reduce the effectiveness of this solution. All
of these unknowns show that the current level of
validation of these strategies is insufficient to tell
whether they have a useful future in this field.

25

6.4 Performance

There are several factors that make it difficult to
give a reliable comparison based on the perfor-
mance specifications listed in Table 1. Firstly, the
categories of Magnetic, Input force, Image based,
Acoustic and Pressure based sensing cannot be in-
cluded because they contain too few usable data
points to make a fair comparison with the other
categories. Secondly, the included papers use sev-
eral different measures of error or accuracy (Max
error, RMSE, average error). Therefore it is not
useful to blindly average the error between cate-
gories in order to compare them in terms of accu-
racy.

Based on the range and resolution specifica-
tions some basic comparisons can still be performed.
However, since not all papers included data on the
sensing range and/or resolution only some entries
are usable for comparison. Also significant outliers
compared to the other papers were excluded.

The first comparison is performed by looking
at just the resolutions as listed in Table 1. First it
must be said that out of the 47 papers that pro-
vided numbers on the resolution only 9 have reso-
lutions larger than the 0.15N upper limit provided
in Section 3.1.3. Comparing the average resolution
between the sensor types they rank as follows: 1.
Capacitive 2. FBG, 3. Piezoresistor, 4. LIM, 5.
Strain gauge. It must be noted however that one
outlier (a resolution of 1450 mN) in the capacitive
category was excluded.

Since the range and resolution are generally in-
versely proportional to each other it is also useful
to compare the averaged ratio of range divided by
resolution of each category. Doing so yields the fol-
lowing ranking: 1. Capacitive, 2. FBG, 3. LIM, 4.
Piezoresistor, 5. Strain gauge. Also here an out-
lier, with an extremely high ratio, in the piezore-
sistive sensor category was excluded.

This crude performance evaluation suggests that
the capacitive sensors provide the best combina-
tion of range and resolution. As the results in Ta-
ble 1 show these sensors are also able to measure
forces and torques in 3 or more DoF.

6.5 Bandwidth

In Section 3 it was explained that the human kines-
thetic bandwidth is limited to approximately 30Hz.
Therefore a minimum sensor bandwidth of 30Hz
for force feedback was proposed. It was also noted
that when a sensor is included in a control loop
(with or without a human controller) a higher band-
width may be necessary to obtain a stable system.

From the included papers it became clear that
the bandwidth or sampling frequency of the sen-
sor was not a major concern. Less than 40% of
all papers contained any information on the sensor



bandwidth or sampling frequency. For the papers
that do include some numbers on the bandwidth
they are generally well above the 30Hz limit. Only
three papers say their sampling frequency is under
30Hz and only nine are lower than 100Hz.

The category that is most limited in terms of
bandwidth are the image based strategies. These
solutions are limited by the sampling rate of the en-
doscope that is being used. With camera sampling
rates often around 30Hz it is difficult to exceed the
lower limit. However, when the processed images
are used for visual force feedback there might be
little need to increase this rate due to the limited
human visual bandwidth.

6.6 Reusability and cost

As discussed in Section 3.2.1 for a sensing strategy
to be reusable, it has to be sterilizable. While this
is not, or hardly, an issue for sensorless and prox-
imal solutions it is a limitation for distal sensors.
Out of the more than 50 proposed distal sensors
only 24 are claimed to be reusable through steril-
ization.

For example, while the capacitive sensors pro-
vide great sensitivity, none of the papers propos-
ing capacitive sensors state that their solution is
reusable. This is likely due to the high sensitivity
to EM interference which requires the processing
electronics to be placed near the tip. Having the
processing electronics near the sensor, also reduces
the chance that capacitive sensors will be able to
suit bmm or even 3mm instruments due to the size
limitations.

As an exception among the distal sensors, all
of the papers describing FBG sensors claim that
their solution is reusable. The FBG sensors also
benefit from a very small size. The optical fibers
that contain the FBG can be smaller than 250um
in diameter and are therefore easily integrated into
instruments.

Most of the 24 studies that claim their solu-
tion is reusable do so because they use materials
and adhesives rated for the required temperature
(134°C). There are however only two studies that
have actually demonstrated the sterilizability. Tre-
jos et al. found that a strain gauge sensor with op-
timal material and adhesive choice could be steril-
ized about 6 but has to be recallibrated after every
cycle [40]. The strain gauges mounted on the in-
strument handle by Fahkry et al. were sterilized
10 times without deterioration [27]. However, since
even the semi-reusable instruments used in RAMIS
last 16 procedures a lifetime of 6 or 10 steriliza-
tion cycles is not sufficiently reusable. The study
by Trejos et al. shows that even choosing mate-
rials and adhesives with the proper characteristics
does not guarantee a reusable and repeatable sen-
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sor with a limited error. So for the 23 other stud-
ies that claim their sensor is reusable it is still the
question whether that will turn out to be the case.

As explained in Section 3 reusability is a mat-
ter of being able to both clean and sterilize the
sensor. It was discussed that in order to be clean-
able, distal sensors should not include small open
crevices from which any residue cannot be effec-
tively removed. Similar to sterilizability this is a
topic not mentioned in most papers. For those
that do claim their sensor is sterilizable it could
pose an additional problem. Many sensors include
compliant structures to improve the sensitivity and
reduce cross-talk. These structures often include
small crevices that are difficult to clean. For many
sensors it would be possible to fill the crevices with
a flexible material to stop residue form accumulat-
ing while maintaining the function. However, this
is something that should be accounted for in the
design stage because of the altered stiffness of the
system.

As pointed out in Section 3 the cost of any sens-
ing strategy is a very important consideration. It
also further complicates any attempt at pointing
out the best or preferred sensing strategy. This is
partly due to the fact that the capacitive sensors
with the highest sensitivity are not reusable. As
explained before, a non reusable sensor means that
at least the sensor but likely also the instrument
has to be discarded after a single use.

The relatively sensitive and potentially steriliz-
able FBG sensors appear to be a reasonable alter-
native. However, the optical interrogators that are
required to read out these sensors can cost between
€10.000 and €20.000 [131]. Although, recently a
lot of research has been published on alternative
low-cost interrogators [132]. Nonetheless, it is cur-
rently still more expensive than the read-out elec-
tronics required with, for example, resistive sen-
sors. Moreover, when applied to limited reusabil-
ity instruments like those used in RAMIS the FBG
sensor and instrument will still have to be replaced
after 16 procedures.

The sensors that are perhaps cheapest in terms
of interrogation hardware, software and fabrication
cost are the resistive sensors. However, the appli-
cability of these sensors is limited by their fragility,
sensitivity and the fact that their are only steriliz-
able a few times, if at all.

Finally, it has to be acknowledged that the in-
put force and image based categories include in-
finitely reusable solutions. Since they are (mostly)
software based solutions the initial investment is
also limited. However, as mentioned before, it is
still the question whether these strategies will work
in practice.



7 Conclusion

In the introductory sections of this review it was
discussed that there are several reasons and appli-
cations for force sensing in MIS. It is possible to
use force measurements for palpation to find tu-
mors or blood vessels, for force limiting to prevent
accidental tissue damage, or for force feedback to
improve tissue handling and safety.

In the section that followed the requirements
associated with these applications and force sens-
ing in MIS in general were explored. Although
there are some particularly strict requirements it
became clear that not all of them are narrowly de-
fined. This means that there is a lot of room for
interpretation, preference and trade-offs between
different requirements.

The central part of this review focused on the
state-of-the-art in force sensing strategies for MIS.
The literature collected for this review shows that
a great variation of attempts have already been
made at sensing forces in MIS. Proposed solutions
are spread over several sensing categories and even
within categories there is a significant variety.

The analysis of the state-of-the-art has pro-
vided some interesting insights on how the trade-
offs between requirements and sensing strategies
have turned out. It showed that more than 80% of
the proposed solutions did not measure or estimate
forces in all the available DoF. Instead, most im-
plemented 1 or 3 DoF sensors focusing on the grip
force or x-y-z forces. A similar distribution was
observed for the sensor location. More than two-
thirds of all solutions used a sensor placed at distal
locations. Interestingly, 32 solutions use proximal
or sensorless solutions, regardless of the accuracy
limitations often associated with these strategies.
Some of the sensorless and proximal solutions even
appear to be relatively accurate. However, none of
these solutions were validated in a manner that is
sufficiently representative to actually show the ac-
curacy limitations.

For some of the requirements there appears to
be even less consensus on their interpretation and
importance. For example only 24 out of more than
50 listed distal sensors are supposed to be steriliz-
able and thus reusable. Moreover, only two stud-
ies have verified whether and to what extent their
sensor is reusable. Also for the sensing range lit-
tle coherence was found. For grasper instruments
the proposed sensing ranges are spread almost uni-
formly between 1 and more than 10N. Possible ex-
planations for this are technical limitations and a
lack of exact and reliable measurements of the ac-
tual required range.

In trying to point out which sensing strategy
might be the best based on the included literature
one is confronted with several limitations, a wide
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variety and a lack of sufficient validation. Based
on a basic evaluation of the performance figures
the capacitive sensors would appear the best solu-
tion. However, these sensors, with local electron-
ics, are relatively large and none of these sensors
is reusable at this time. The sensor type for which
all papers claim that the sensor is reusable is also
the second best in terms of sensitivity. However,
none of the proposed FBG sensors have actually
been tested to be sterilizable and repeatable. The
FBG sensors also rank as the most expensive sens-
ing strategy with current interrogator technology.
Sensors that are relatively cheap, in terms of sen-
sor and processing hardware cost, are the resistive
sensors (strain gauges and piezoresistors). The low
cost might be necessary considering that they are
currently reusable for at most 6-10 times. They
also rank as the least sensitive in the basic evalua-
tion performed in this work. Finally, there are the
input force and image based strategies which are
not limited by size, reusability or cost. However,
considering the aforementioned lack of validation,
it is not yet possible to say whether they will turn
out to be sufficiently accurate for any practical ap-
plication.

In conclusion, much work has already been pub-
lished on force sensing in MIS. However, a lot of
uncertainty still remains with regard to the ac-
tual required sensing range, reusability and real-
life performance of the proposed solutions. As a
result, determining the best solution is still mostly
a matter of trade-offs and interpretation specific to
each application.

Much of the uncertainty and division in this
field can be attributed to a lack of sufficiently rep-
resentative validation. Therefore more research is
required to fill these gaps. This could include the
use of a tip mounted force sensor to obtain (more)
reliable force range data. For example through a
cadaver surgery study. It is also important that
the performance and particularly the accuracy of
sensorless and proximal solutions are investigated
in a realistic setting. This could be performed with
a validated tip mounted sensor along with sensor-
less or proximal sensors during actual surgery or
a cadaver surgery. Alternatively one could design
and build a phantom abdomen and fit it with a
trocar to find its influence in a more experimental
setting. Finally, the reusability and repeatability
of most of the sensor types needs to be verified. Es-
pecially the autoclave sterilization is relevant here.
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