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Abstract—Minimally invasive robotic surgery (MIRS) has
revolutionized surgical procedures. However, compared to
classic laparoscopy, the surgeon must rely only on visual
perception because of the lack of force feedback. In this
article, a new noninvasive force feedback system is pro-
posed and evaluated. Extending the work by Fontanelli
(2017), where preliminary results were presented, a solution
based on a novel force sensor placed in the terminal part
of the trocar is shown in detail. With respect to the state
of the art, our system allows measuring the interaction
forces between the surgical instrument and the environ-
ment inside the patient’s body without any changes to the
instrument structure and with full adaptability to different
robotic platforms and surgical tools. Using a commercial
force-torque sensor as ground truth, the static and dynamic
characterization of the sensor is provided together with
an extensive experimental validation. Finally, a simple and
intuitive application of the proposed sensing system in a
realistic surgical scenario is presented.

Index Terms—Force estimation, force sensor, minimally
invasive surgery, robotic surgery.

I. INTRODUCTION

THE main advantages for which robotics is taking a key role
in surgery and, in particular, in laparoscopic surgery are

minimized postoperative pain, speed up of the recovery time, in-
creased comfort for the surgeon, improved surgical performance,
and reduced hemorrhaging and risk of infections. However, the
lack of force feedback in surgical robots can potentially lead
to tissue damage and bad execution of particular tasks, such as
suturing and intraoperative decisions, that would require feeling
the tissue deformation. Most of the currently available robotic
surgery systems do not have haptic feedback capability. Sur-
geons do not have the possibility to feel the suture thread tensile
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force or the pressure applied to organs and tissues. Hence, during
some surgical procedures, thread breakage or tissue damage
may occur, especially for less experienced surgeons. Another
problem is the impossibility to identify undesired interactions
between the instruments and the tissues outside the viewing area.
Consequently, experience and ability of the surgeon make the
difference. Indeed, studies on this topic [2] show that haptic feed-
back could reduce unintentional injuries and learning time for
novices. Moreover, force feedback would allow implementing
advanced control algorithms (impedance/force control, adap-
tive virtual fixtures [3], bilateral telemanipulation control) to
enhance the effectiveness and dependability of surgical robots
[4], [5].

Several works on the development of force sensing to measure
the interaction between surgical instruments and the patient
body are available in the literature. Some of them investigate
the possibility to provide force measurement without making
changes to the robot, e.g., in [6], using only visual information
or, as in [7] and [8], using the control torques and the dynamic
model of the robot.

Many prototypes of sensorized surgical instruments have been
developed by integrating force sensors in the instrument shaft or
wrist, or even in the gripper fingers and clamp faces. In [9], strain
gauges are glued on the instrument shaft to measure force and
torque on a laparoscopic instrument. In [10], a six-axis force
sensor using Bragg reticula is presented, while in [11]–[13],
fiber-optic technology is used to build miniaturized and robust
force sensors for different surgical applications. As reported in
these works, the fiber-optic technology has many advantages,
including the high miniaturization capability and the immunity
to electromagnetic interference (EMI) noise. Optical or thin-film
organic solutions, such as those presented, respectively, in [14]
and [15], to develop a sensitive skin could be adapted for sensing
the forces directly on the surgical gripper or on the instrument
shaft. Moreover, promising studies on miniaturized force sen-
sors adopt micro-elelctro-mechanical systems (MEMS) technol-
ogy [16] as well as piezoelectric [17] and capacitive effects [18],
[19]; the sensing devices are placed inside the instrument gripper
or in the wrist.

The common feature of the abovementioned works is that
they require the modification of the instrument structure to host
the force sensor. This entails higher costs, problems related to
sterilization, increased likelihood of instrument breakage, the
need of miniaturizing complex structures able to withstand high
stresses, and problems related to the tendon-driven mechanisms
of the instruments. Moreover, the instruments may be used for a
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Fig. 1. Sketch describing the framework of the proposed force sensing
system.

limited number of interventions and thus, the cost of the sensor
represents an additional cost for each surgical procedure.

In this article, a novel solution for sensing the interaction
force between the robot tool and the patient body is proposed and
evaluated. The sensing device is capable of measuring the forces
in the orthogonal plane to the shaft of the surgical instrument.
The idea is to place the sensor in the trocar, with minimal
modification of its structure and without modifying the surgical
instrument (see Fig. 1). This allows reducing costs and saving
time. Moreover, this solution can be fully adapted to different
robotic platforms and surgical tools [20].

The price to pay is that the axial force component, i.e., the
force acting along the axis of the instrument shaft, cannot be
directly measured. This problem is overcome here by adopting
the residual-based estimation method of [21] to estimate only the
axial force component. This requires the knowledge of a reduced
set of dynamic parameters of the robot and of the instrument.
An alternative but more expensive solution which allows the
direct measurement of all the three force components, based on
a sensorized tool adapter for the da Vinci system, can be found
in [22].

In this article, the accuracy of the proposed trocar sensor is
evaluated experimentally, by using the da Vinci Research Kit
(dVRK) [23], the research version of the da Vinci system, as a
surgical robotic platform and a first prototype of the sensor.

Besides testing the capability of the sensor to measure the
external forces, this article presents a simple example of using
the force information to improve the surgeon perception, also in
the absence of the measurement of the axial force component.
To this purpose, the main approaches proposed in the literature
are: 1) kinesthetic feedback, in which the force estimated on
the slave side is applied on the master robot, e.g., [24]; 2)
cutaneous force feedback, which allows perceiving the force via
sensory substitution using wearable devices, e.g., [25]; and 3)
visual force feedback, in which the force information is retrieved
via sensory substitution in augmented reality [26]. The third
approach is used here to test our sensing device.

The rest of this article is organized as follows. In Section II, the
sensor operating principle is presented. Section III describes the
static and dynamic characterization of the sensor and presents the
residual-based method to estimate the external forces. Section IV
reports the experimental validation. An application where the

Fig. 2. Exploded view of the force sensor CAD model. The assembly
of the sensor on the trocar by interference is illustrated on the right.

sensor is used to provide visual force feedback to the surgeon is
presented in Section V. Some issues resulting from the eval-
uation of the sensor prototype are discussed in Section VI.
Section VII concluds this article.

II. SENSOR OPERATING PRINCIPLE

The innovation of the solution proposed in this article con-
cerns the sensing element that is allocated at the end-tip of the
trocar. Fig. 1 shows a sketch of the proposed idea with a zoomed
view of the trocar where the sensor is placed.

The sensor is composed of a bronze ring that has an inner
diameter lower than the inner diameter of the trocar; the bronze
ring is glued to a deformable structure (see Fig. 2). The inner
diameter of the bronze ring is still greater than the diameter of the
instrument shaft. The interaction force between the instrument
end-effector and the patient body produces a displacement of the
bronze ring, pushed by the instrument shaft, with respect to the
trocar axis, which causes the deformation of the elastic frames
that compose the sensor. This deformation, which depends on
the elasticity of the deformable elements and is measured us-
ing four proximity optical sensors mounted in the appropriate
way, is proportional to the force applied by the shaft to the
ring.

More specifically, consider a sensor reference frame OS-
xSySzS attached to the sensor, with the axes xS and yS lying
on a plane orthogonal to the trocar axis. The deformation of the
elastic frames is proportional to the forces applied along the axes
xS and yS to the ring.

This solution has a number of advantages, which includes the
following:

1) the trocar sensor is cheap and can be used with different
surgical instruments, which can be replaced easily during
the surgical procedure and no modification of the robot
structure is required;

2) the forces measured by the trocar sensor are not influenced
by the tendon forces, as it happens for the sensors located
in the instrument shaft;

3) compared to the solutions with sensors located at the end-
tip of the instrument, the connection cables and the data
acquisition system of the trocar sensor are fixed and far
away from the surgical site.

Of course, the proposed solution requires that the minimally
invasive robotic surgery (MIRS) instruments have a constant
diameter and is particularly useful in the case that different
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instruments have the same diameter. These limitations are not
critical considering that they are verified in the da Vinci surgical
robotic system.

A. Mechanical Design

The exploded view of the computer-aided design (CAD)
model of the trocar sensor is shown in Fig. 2. The sensor is
composed of three main parts. The top part (g) is attached
at the trocar end-tip by interference in order to simplify the
assembly (see Fig. 2 right). It is composed of four deformable
frames designed with four digs holding flat reflective surfaces;
the surgical instrument slides inside a bronze ring (c) that is
glued on the four deformable frames. The bronze ring ensures a
homogeneous deformation of the four deformable frames when
a force is applied by the instrument shaft; moreover, it allows to
reduce the sliding friction and to reinforce the overall structure.
In order to measure the deformation, four optical sensors are
fixed to the bottom part of the sensor (a) in correspondence with
the reflective surfaces. Four trays have been suitably designed
to lock the optical sensors in the required position and, more
importantly, at a precise distance from the reflective surface.

In this first prototype, the parts have been produced in plastic
using a three-dimensional (3-D) printing technology based on
the PolyJet process. This technology was chosen due to the high
precision (minimum layer thickness of about 28μm and min-
imum resolution of about 0.1 mm) and quick fabrication time,
without requiring cleaning or postprint treatments. However, it
is not suitable for a real working version of the sensor, because
the mechanical properties of the printed material are not stable
and change with time. The minimum feature size in the design
is 0.2 mm.

The mechanical design was supported by the use of a finite-
element model (FEM) optimization procedure to compute the
optimal dimensions of the deformable frames according to the
following specifications:

1) the force along xS and yS axes set in the range
[−20, 20]N;

2) the maximum von Mises stress (safety factor) settled as
two times the value of the material yield stress, which is
in the range [50, 65]MPa;

3) minimum size of the overall structure, especially the
diameter, compatible with the constraints of the printer.

According to [27] and [28], the forces applied during suturing
are in the range [−10, 10]N. Indeed, during needle insertion, the
average force is about 3 N while, during knot tying, the force can
reach 10 N.

The prototype was verified using FEM analysis to validate
the expectations of the project prerequirements. The behavior
of the trocar sensor was simulated considering the point O on
the top of the tool as stuck (see Fig. 3 top). In the same way, the
end-tip of the trocar can be considered as a fixed point since it
constitutes a constraint for the motion of the tool shaft, except
for the sliding motion. In this configuration, the tool is placed
with respect to the trocar in such a way that the distance of the
end effector frame from point O is two times the distance of the
sensor frame from the same point. Hence, when a force of 10 N
is applied to the instrument end-effector frame OE-xEyEzE

Fig. 3. FEM analysis results. Top: Schematic of the instrument with
the relevant reference frames and zoomed section of the trocar sensor.
Bottom: von Mises stress and displacements along xS and yS axes in
the case of a 10-N force applied to the tip along the xE axis.

along the xE axis, due to the lever effect, a 20-N force results
on the sensor frame along the xS axis. Notice that only static
conditions are considered in this analysis. The von Mises stress
and the displacements of the four reflective surfaces are shown
in Fig. 3 (bottom).

It can be seen that the von Mises stress on the deformable
structure is about half of the yield stress value, which for the used
material is around 6.5e7 N/m2. Moreover, a force applied along
the xS-axis causes a displacement of the reflecting surfaces
perpendicular to the xS-axis (in orange) while the other two
surfaces (in blue) do not move. Therefore, the deformations due
to forces along the xS and yS axes are decoupled as desired.

The zoomed section of the sensor represented in Fig. 3 (top)
shows the eccentricity between the instrument shaft and the fixed
trocar caused by the force applied to the instrument tip. In detail,
it is possible to observe how the interaction force between the
instrument and the environment causes a displacement of the
instrument shaft that collides with the bronze ring of the trocar
sensor glued to the four deformable frames. The displacement
of the frames orthogonal to the direction of the force is quoted
in the zoomed section for an applied force of 20 N in the sensor
frame. Notice that the contact point of the instrument shaft with
the bronze ring may be uncertain due to the finite length of the
bronze ring and may cause an error on the force measurement.
This error could be avoided or reduced by suitably shaping the
internal surface of the bronze ring so as to have a single contact
point.

B. Optical Sensors and Electronics

In the tested prototype, the measurement of the deformation
of the frames is obtained using four GP2S60 proximity optical
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sensors. We have chosen this technology for the following
reasons.

1) Compared to other solutions, the sensor is not expensive.
2) The sensor signal can be read with a very simple condi-

tioning circuit.
3) With respect to fiber Bragg-based sensors, our solution is

considerably cheaper and the measurement is not influ-
enced by fiber bendings.

4) With respect to solutions based on the strain estimation
of a deformable structure (strain gauge, fiber Bragg), the
proposed design is less influenced by forces applied on
the structure in the direction orthogonal to the measured
force.

Moreover, to reduce the light interference between all the sen-
sors and the environment, the sensors are positioned on suitably
designed trays painted in black. To improve the sensitivity of the
device, the four proximity sensors are located at 90◦ one from
the other, and thus, they are in couple one in front of the other.
Therefore, for a given displacement of the sensitive structure,
one sensor detects a positive displacement while the opposite
one detects a negative displacement. These differential readings
allow doubling the gain of the device.

Each optical sensor is equipped with an IR source and a pho-
todiode detector capable of measuring the amount of reflected
light, which is related to the distance of the sensor from the
reflective surface placed in front of it. This system is affected by
light interference and cross-talk disturbance. In our prototype,
the four trays are designed to reduce these effects and all the
external parts of the trocar sensor are painted in black, except
for the reflective surfaces that are painted in white. Moreover, the
overall structure of the sensitive device was designed to reduce
the external light disturbances.

The use of proximity optical sensors instead of other sensing
solutions has the advantage that the electronics needed to acquire
the signals is very simple. Namely, only a polarization circuit
and an analog-to-digital converter (ADC) are required.

In the presented prototype, the ADS1015 ADC was selected,
since it is equipped with a four-channel converter which offers
the possibility to read in differential mode and to amplify the
input signal with an internal amplifier. The amplification factor
G was set to the maximum value to maximize the resolution in
the measurement range. The maximum frame rate of the ADC
is 1.5 kHz for the differential acquisition mode, with a 12-b
resolution. Finally, the ADC is provided with a serial bus I2C
which allows using only four connection wires to communicate
with the microcontroller.

The microcontroller LPC1768, which is an mbed platform,1

was used for signal processing. This device performs a numerical
prefiltering with a sampling frequency of 1kHz.

Moreover, Fig. 4(a) reports the relating polarization cir-
cuit, where R1 = 330 Ω, R2 = 15 kΩ, vcc = 5 V. Moreover,
Fig. 4(b) shows the characteristic curve representing the relative
collector current with respect to the distance between the sensor
and the reflecting surface. This current value is reported as
a percentage since it is a function of the device polarization

1[Online]. Available: https://developer.mbed.org/platforms

Fig. 4. (a) Polarization circuit and (b) characteristic curve of the
GP2S60 optical sensor.

condition. Therefore, it depends on the maximum current iCmax

and on the collector dark current iCEO that flows in the device in
the absence of light

iC% =
iC − iCEO

iCmax
. (1)

The sensor is used in the first part of the characteristic curve,
i.e., in the region where the distance belongs to the interval
[0, 0.4]mm with almost linear characteristic and high gain. Let
GI be the gain in this linear region between the displacement of
the sensor δx and the current iC%. By taking into account (1),
the following relationship between the kth output sensor voltage
vout,k and the kth displacement δx,k can be found

vout,k = vcc −R2iC,k = vcc −R2iC%,kiCmax +R2iCEO

= vcc −R2GI iCmaxδx,k +R2iCEO. (2)

In our design, the output voltage from the ADC, with gain G, is
the difference between the output voltage of two opposite sen-
sors. Assuming the same parameters Vcc, R2, ICmax, GI , ICEO

for each sensor, the output voltage for each couple is

vs = G(vout,2 − vout,2) = GGIR2iCmax(δx,2 − δx,2). (3)

Moreover, assuming δx,1 = −δx,2 = δx, it is

δx =
1

2GGIR2iCmax
vS = QvS . (4)

Finally, if K is the stiffness coefficient modeling the elastic
behavior of the deformable structure of the sensor, the external
force can be computed as

fS = Kδx = KQvS . (5)

Therefore, the sensor calibration matrix W describing the rela-
tionship between the output voltage vector vS ∈ R2 and the
vector fS ∈ R2 of the forces applied to the sensor can be
defined as

W =

[
K11Q K12Q

K21Q K22Q

]
. (6)

Two off-diagonal terms K12Q and K21Q have been introduced
in the calibration matrix (6) to capture the nonperfect symmetry
of the sensor and the residual cross-talk effects.
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Fig. 5. da Vinci PSM robotic arm with the force sensor placed at the
end of the trocar—kinematic frames description.

A software calibration procedure was implemented to com-
pensate the residual bias due to the nonnegligible differences
between the parameters of each sensor and their asymmetry.

III. MODELING AND CALIBRATION

The force fS measured by the trocar sensor is influenced by
the external force acting on the instrument shaft, but also by
gravity and inertial forces due to the instrument motion.

Fig. 5 shows the sensing system mounted on the patient side
manipulator (PSM) of a da Vinci surgical robot.

The PSM is a 7-DOF actuated arm, which moves the attached
instrument with respect to a remote center of motion (RCM), i.e.,
a mechanically fixed point that is invariant with respect to the
configuration of the PSM joints. The position of the instrument
tip depends only on the first three joint variables, corresponding
to revolute (R) and prismatic (P) joints in an RRP sequence.
The corresponding joint axes are shown in Fig. 5, where they
are denoted as Ji, i = 1, 2, 3. The last four joints allow the
opening/closure and reorientation of the gripper mounted on the
tip [29]. A counterweight, not represented in the figure, is used
to balance the weight of the mass which translates with respect
to the RCM.

The sensor is mounted on the terminal part of the trocar, in
proximity of the RCM of the robot, which is located at the
intersection of axes J1 and J2. Fig. 6 represents a planar view
of the system, where the RCM is at point R in the center of the
two yellow semicircles. In this figure, the shaft of the instrument
(blue segment) is linked to point O, which corresponds to the
intersection of axes J4 and J5 of Fig. 5, and can translate with
respect to the RCM along axis J3. The rotational motion of the
shaft about the axes J1 and J2 is described by joint variables q1

and q2, while the translational motion along axis J3 is described
by q3. The joints J1, J2, and J3 are actuated by the motors of the
PSM, and the corresponding joint variables are collected in the
vector q = [q1, q2, q3]

T .
It is assumed that the external force fE ∈ R3 is applied to the

end point of the shaft. The sensing element is placed on pointS of
Fig. 6, at a distance LS from the RCM R. The sensor measures

Fig. 6. Single-axis sensor operating principle. The points G, S, O, R
are, respectively, the center of mass of the instrument shaft, the contact
point between the instrument shaft and the sensor (bronze ring), the
attaching point between the instrument shaft and the instrument box,
and the RCM.

the displacement of the shaft with respect to its rest position
under the action of the external force, gravity, and inertial forces,
and fS ∈ R2 is the reaction force of the deformable part of the
sensing element. To model this displacement, we assume that
the shaft (a carbon fiber tube) is rigid and can rotate with respect
to the pivot point O about the orthogonal axes J4 and J5 of
Fig. 5, modeled as passive revolute joints. The corresponding
joint variables are collected in the vector qS = [q4, q5]

T .
In static conditions and in the absence of gravity, the rela-

tionship between the force fS applied to the sensor and the
external force fE depends only on the distance of the end point
from point S as explained in Section III-A. This relationship is
used in Section III-B for sensor calibration and in Section III-C
for sensor characterization. In dynamic conditions, the weight
and inertia of the instrument shaft must be suitably taken into
account to estimate the external forces from sensor readings, as
illustrated in Section III-D.

A. Static Modeling

In static conditions and in the absence of gravity, assuming
that the shaft (a carbon fiber tube) is rigid and can only rotate
about the axes J4 and J5, the relationship between fS and
fE can be simply obtained from the static equilibrium of the
corresponding torques about O as follows:

JT
E fE = JT

S (q)fS → fE = (JT
E)

† JT
S (q)fS (7)

where the Jacobian matrices JE ∈ R3×2 and JS ∈ R2×2 are

JS(q) =

[
LOS3 0

0 LOS3

]
JE =

⎡
⎢⎣LE 0

0 LE

0 0

⎤
⎥⎦ (8)

with LOS3 = LS + LR − q3 being the distance from point S to
point O, LR the distance from point R to point O when q3 = 0,
and LE the shaft length. Both fE and fS are defined in the
end-effector frame. Moreover, the third element of vector fE

computed in (7) is always null, because the trocar sensor allows
to measure only the components of the interaction force lying

Authorized licensed use limited to: Universita degli Studi di Napoli Federico II. Downloaded on June 20,2020 at 13:21:30 UTC from IEEE Xplore.  Restrictions apply. 



1548 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 25, NO. 3, JUNE 2020

in the plane orthogonal to the instrument shaft, corresponding
to the first two elements of fE .

B. Sensor Calibration

The calibration of the trocar sensor is aimed at computing the
calibration matrix W ∈ R2×2 in (6) which maps the vector of
the sensed voltages vS to the vector of the forces fS , i.e,

fS = WvS .

We have chosen to directly compute the mapping between the
external forces and the output voltages, and not that between the
displacements δx and the forces, due to the simplicity to measure
forces with respect to displacements. However, if matrix Q in
(5) is known, the relationship between δx and voltages could
also be obtained.

A commercial force-torque sensor ATI Mini 45 was attached
to the instrument tip using a 3-D structure printed on purpose,
with the axes of the ATI reference frame OA-xAyAzA of the
ATI sensor aligned to the axes of the end-effector frame. The
calibration is performed by applying a force on the ATI sensor
and reading the signals of the two sensors simultaneously. The
ATI sensed forces are mapped to the trocar sensor frame using
the equation

fS
A = J−T

S (q)JT
E fA (9)

obtained by inverting the mapping (7). The numerical value of
the calibration matrix was then derived as

W = F S
AV

†
S

with F S
A ∈ R2×n and V S ∈ R2×n being the matrices obtained

by stacking n samples of the measurements of fS
A and vS ,

respectively.
We found experimentally that the trocar sensor exhibits differ-

ent behaviors for positive and negative voltages. This is due to the
nonperfect symmetry of the optical sensors that have been glued
to the plastic frame. Hence, two different calibration matrices
were identified

W P =

[
34.86 −1.47

−1.25 37.71

]
WN =

[
30.99 −1.46

−1.11 47.19

]

for positive and negative voltages, respectively. The follow-
ing numerical values have been used: LS = 0.0254 m, LR =
0.4046 m, LE = 0.389 m for a standard needle driver surgical
instrument.

C. Sensor Characterization

The resolution of the trocar sensor depends on different fac-
tors. First of all, the output of the couple of optical sensors is an
analog signal in the range ±0.512 V that is converted to a digital
signal by a 12-b ADC in differential configuration. Therefore, it
is possible to define a voltage quantum p = 0.512/211 V, which
is the minimal voltage value that can be discriminated.

Moreover, the resolution depends on the distance between the
point where the external force is applied (the instrument tip) and
the point where the sensitive element is placed. Such a distance
is a function of the prismatic joint variable q3. The effect on the
force can be evaluated from the mapping (7) which allows to

define the force resolution vector

σ = (JT
E)

† JT
S (q)W p

with p = [p, p]T . Hence, the resolution is not constant but
depends on the prismatic joint position. In the following evalu-
ation, without loss of generality, only the positive values matrix
W = W P has been considered.

Therefore, the theoretical resolution of the sensing system
in the range of motion q3 ∈ [70, 250] mm is σ = [0.0082,
0.0089]T N in the worst case and σ = [0.0042, 0.0046]T N in
the best case. Without loss of generality, these quantities have
been computed considering only the calibration matrix W P .

The measurement range of the sensor is also influenced by
the value of the prismatic joint variable q3. Considering that the
sensor is designed to measure a force fS in the range ±20 N
and assuming that q3 is in the range [70, 250] mm, from (7),
it follows that the allowed range of fE is between ±10 N for
q3 = 250 mm and ±19 N for q3 = 70 mm.

D. Dynamic Modeling and Force Estimation

The forces measured by the sensor are influenced by gravity
and inertial forces acting on the shaft. This means, for example,
that the sensor measurements are different from zero even in the
absence of interaction. Moreover, the sensor allows to measure
only the components of the external force in the plane orthogonal
to the axis of the shaft.

On the other hand, using a sensorless approach such as the
residual-based technique [21], an estimation of the external force
could be obtained from the currents and the dynamic model of
the PSM moving the instrument. In this case, the estimation error
will mainly depend on the accuracy of the dynamic model that
should be carefully identified. An identification procedure for
the dynamic parameters of the PSM arm of the dVRK robot is
proposed in [29], where it is shown that an accurate identification
is hard to obtain due to the relatively high measurement noise
of the joint position sensors and the presence of nonnegligible
dynamics effects, such as friction, elasticity, backlash, that are
difficult to model. The experimental results presented in the next
section show that the resolution that can be achieved using the
residual-based approach alone is about 1 N, making this method
unsuitable to measure small interaction forces.

The idea here is to improve the estimation of the external
forces by combining the measurements obtained by the trocar
sensor with the residual-based approach, which takes into ac-
count the dynamic interaction between the PSM arm and the
sensor.

For this purpose, the dynamic model of the PSM arm and of
the instrument can be computed by considering the kinematic
chain composed by the actuated joint J1, J2, and J3 of the PSM
and the two passive joints J4 and J5 (see Fig. 5). The dynamic
model can be computed using a Lagrangian approach, by taking
the following into account:

1) the instrument can rotate with respect to the RCM about
the axes J1 and J2, with joint variables q1 and q2,
respectively;

2) the instrument can translate along the axis J3, with joint
variables q3;
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3) the instrument is modeled as a rigid cylinder which can
rotate about the two passive revolute joints J4 and J5.

The equations of motion can be computed in terms of the
vector of the generalized coordinates η = [qT , qT

S ]
T as

B(η)η̈ +C(η, η̇)η̇ + g(η) + d(η, η̇) = τM + JT (η)fE

(10)
where B(η) ∈ R5×5 is the inertia matrix, C(η, η̇) ∈ R5×5, set
so that Ḃ = C +CT is the Coriolis and centrifugal matrix,
g(η) ∈ R5 is the gravity generalized torque, d(η, η̇) ∈ R5 is
the torque vector modeling viscous and Coulomb friction, the
elasticity of the PSM cables, and other disturbances (see [29]
for details). Moreover, J(η) ∈ R3×5 is the Jacobian matrix,
mapping the joint velocities to the translational velocity of the
instrument tip referred to the end-effector frame and

τM =

[
τR

τS

]
(11)

where τR ∈ R3 is the vector of the motor torques acting on the
first three joints of the PSM and τS = JT

S (q)fS ∈ R2 is the
vector of the torques produced on the passive joints 4 and 5
by the force fS sensed by the trocar sensor, being JS(q), the
Jacobian defined in (8).

The residual-based approach [21] allows to compute an esti-
mate of the external force, assuming that the torque τM and the
dynamic model (10) of the system are known. The advantage of
this approach is that the acceleration measurement, that is very
noisy in most of the cases, is not needed.

In detail, the residual vector is defined as

r = KI

(
B(η)η̇ −

∫ t

0
(r(σ) + τM + n(η, η̇) dσ

)
(12)

where

n(η, η̇) = CT (η, η̇)η̇ − g(η)− d(η, η̇) (13)

and KI ∈ R5×5 is a positive definite diagonal gain matrix.
The residual vector r satisfies the first-order equation

ṙ = KI(τE − r). (14)

Hence, we can assume that

r � τE = JT (η)fE (15)

although the convergence is asymptotic, depending on the choice
of KI . Equation (15) corresponds to an overdetermined linear
transformation that can be inverted to compute vector fE from
r using the weighted left inverse as

fE = (JT (η))† r. (16)

This is a least squares solution, whose value depends on the
choice of the weights of the left inverse matrix.

The computation of the components of the residual (12)
requires the measurement of the vector of the generalized co-
ordinates η (i.e., q and qS) and of its first time derivative η̇.
While the measurements of the joint variables q of the PSM
are available, and their time derivatives can be approximated
via finite difference, the passive variables qS and q̇S could be
computed from the deflections of the trocar sensor. However,
these deflections are very small and can be neglected in a first

approximation. This produces a substantial simplification of
the residual vector (12) and of the Jacobian J(η) that can be
computed by setting qS = q̇S = 0, and thus, η = [qT , 0T ]T

and η̇ = [q̇T , 0T ]T . In particular, the Jacobian matrix can be
computed as

JT (q) =

⎡
⎢⎢⎢⎢⎢⎢⎣

LOE3c2 0 0

0 LOE3 0

0 0 1

LE 0 0

0 LE 0

⎤
⎥⎥⎥⎥⎥⎥⎦

(17)

with ci = cos(qi), si = sin(qi), and LOE3 = LR − LE − q3.
By inspecting the Jacobian matrix in (17) and in view of (15),

it is possible to see that the external force along the xE and yE
axes of the end-effector frame can be estimated by considering
either the first two residual values (r12) or the last two (r45).
Therefore, the vector fE of the external forces can be computed
in the following three different ways:

A) from the first three components of the residual vector r
in (12) which, in view of (11), depend only on the motor
torques τR, without making use of the measured force
fS ;

B) from the last three components of the residual vector r
in (12); namely, r3, which depends on the motor torque
of the prismatic joint J3, allows to estimate fzE , while
r45, which depends on the measured force fS , allows to
estimate fxE and fyE ;

C) from (16), with suitable weights in the left inverse; the
criterion to adopt for the weights selection should be that
of using the force sensor information when the force is
in the trocar sensor measurement range, and the motor
currents when outside this range.

In this article, to gain a better insight into the accuracy of the
different available input data (motor currents and force sensor
readings) the cases A) and B) are considered.

In particular, in case A), the first three components of the
residual vector (12) depend on the base parameters of PSM arm
and instrument, by considering only the first three joints and
assuming that the instrument is rigidly connected to the arm. The
symbolic expressions of these parameters and their identified
numerical values can be found in [29].

In case B), the last three components of the residual vector
(12) can be computed in terms of a reduced subset of dynamic
parameters of the PSM and of the instrument shaft. In detail, in
view of (15) and (17), vector fE can be computed as

fE =

⎡
⎢⎣r4/LE

r5/LE

r3

⎤
⎥⎦ . (18)

The vector r45 collecting the last two components of the
residual vector (12) can be expressed as

r45 = K45I

(
Bxy(q)q̇−

∫ t

0
(r45(σ) + τS + nxy(q, q̇)) , dσ

)
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TABLE I
CAD DYNAMIC PARAMETERS OF THE INSTRUMENT SHAFT

with

Bxy(q) =

[
bx1 0
0 by2

]

nxy(q, q̇) =

[
cx1q̇1 + cx2q̇2 + cx3q̇3 − gx

cy1q̇1 + cy3q̇3 − gy

]

and

bx1 = (mpxS(q3 − LR)− IyyS) c2

by2 = mpxS(q3 − LR)− IzzS

cx1 = (IxxS + IyyS − IzzS)s2q̇2

cx2 = − (IyyS − IxxS + IzzS +mpxS(LR − 2q3)) s2q̇1

cx3 = −2mpxSc2q̇1

cy1 = −2 (IxxS − IyyS + (2q3 − LR)mpxS) s2c2q̇1

cy3 = −2mpxS q̇2

gx = 9.81mpxSc1s2

gy = 9.81mpxSs1.

In the abovementioned equations, mpxS is a first moment of the
instrument shaft, and IxxS , IyyS , IzzS are the elements of its
inertia matrix. The numerical values of these parameters, for a
standard da Vinci needle driver instrument, were derived using
CAD and are reported in Table I. The quantities are referred to
frame O5-x5y5z5 of Fig. 5 and expressed in SI basic standard
measurement units that are omitted here for brevity.

The third component of the residual vector (12) can be ex-
pressed in the form

r3 = k3I

(
bTz (q)q̇ −

∫ t

0
(r3(σ) + τ3R + nz(q, q̇) ) dσ

)

with

bTz (q) = [bz1 bz2 bz3]

nz(q, q̇) = cz1q̇1 + cz2q̇2 − gz − fz

and

bz1 = mpyIc2

bz2 = mpxI

bz3 = mI +mC

cz1 = 2mpyIs2q̇2 − 0.0312mIc
2
2q̇1 + 0.4mCc

2
2q̇1

+2mpzIc
2
2q̇1 + 2(mI +mC)q3c

2
2q̇1 + 2mpxIc2s2q̇1

cz2 = 0.4mC q̇2 − 0.0312mI q̇2 − 2mpzI q̇2

+2(mI +mC)q3q̇2

TABLE II
IDENTIFIED DYNAMIC PARAMETERS OF THE PSM

Fig. 7. Experimental setup. (a) ATI Mini 45 force sensor mounted at
the end-tip of the surgical instrument; the two reference frames are,
respectively, that of the force sensor in the trocar (top) and that of the
ATI sensor (bottom) and (b) Interaction of the spherical probe attached
at the bottom of the ATI sensor with a soft tissue phantom.

gz = −9.81(mI −mC)c1c2

fz = FvI q̇3 + FsI tanh(50 q̇3).

In the abovementioned equations, mI is the mass of the translat-
ing link of the PSM, mpxI , mpyI , mpzI are the corresponding
first moments, mC is the mass of the counterweight, and FvI ,
FsI are friction coefficients. The numerical values of the above-
mentioned parameters, for the experimental setup used in this
article, have been estimated through the identification procedure
presented in [29] and are reported in Table II. The quantities are
referred to frame OE-xEyEzE and are expressed in SI basic
standard measurement units that are omitted here for brevity.

IV. EXPERIMENTAL VALIDATION

This section is devoted to the experimental validation of the
sensor in static and dynamic conditions, by using an ATI Mini 45
force sensor, mounted at the end-tip of the surgical instrument,
as ground truth.

A. Static Validation

To cancel the effects of gravity, a force is applied to the ATI
sensor while keeping the shaft of the surgical instrument aligned
to the vertical direction, as shown in Fig. 7(a). A motion of
the instrument along the vertical direction is commanded, by
considering a constant velocity displacement of 0.1 m of the
prismatic joint q3, in order to test the trocar sensor for different
distances of the instrument tip from the position of the sensitive
elements. Fig. 8 reports the time histories of the components
along the axes xE and yE of the force measured by the ATI
sensor and of the force estimated by using the trocar sensor
and (7).

Authorized licensed use limited to: Universita degli Studi di Napoli Federico II. Downloaded on June 20,2020 at 13:21:30 UTC from IEEE Xplore.  Restrictions apply. 



FONTANELLI et al.: EXTERNAL FORCE SENSING SYSTEM FOR MINIMALLY INVASIVE ROBOTIC SURGERY 1551

Fig. 8. Static characterization. Force along the axis xE (top), force along the axis yE (bottom).

The results show that the trocar sensor has a good response,
close to that of the commercial sensor ATI mini 45. The relative
error between the force components measured by the ATI sensor
and the trocar sensor is less than 12% along both the axes. The
error is higher in the central region of the graph, when a constant
force is applied. This is due to the undesired hysteresis effects
of the material used for the prototype.

B. Dynamic Validation

The validation of the complete dynamic model has been
performed on a simulated diagnostic procedure involving the
interaction between the instrument and a soft tissue phantom.

A spherical probe was attached at the bottom of the ATI sensor
mounted at the end-tip of the instrument shaft [see Fig. 7(b)].
By using the PSM arm in telemanipulation mode, the probe was
pushed against the soft tissue phantom. The dynamic parameters
reported in Tables I and II have been properly updated to take
into account the mass and inertia of the ATI sensor.

The estimation of the external force was performed consider-
ing both methods A) and B) described in Section III-D. The time
histories of the estimated force components together with the
corresponding quantities measured using the ATI force sensor
are shown in Fig. 9. In the first three plots, the force components
along the axes xE , yE , and zE computed with method A) are
reported. The last two plots show the components along the axes
xE and yE computed with method B), using the trocar sensor
measurements. The visual inspection of the plots shows that
the trocar sensor allows a more accurate estimation of the force
components along the directions xE and yE , compared to those
computed with method A).

A quantitative analysis, in terms of the RMS errors reported
in Table III, shows that with method B), the errors are one-tenth
lower than with method A).

From the experimental data, it is possible to observe that,
for the considered setup, the resolution of the force estimation
using method A) is of about 1 , which decreases to 0.1 N for
the components in the plane orthogonal to the instrument shaft
axis estimated with method B) using the trocar sensor. It is
worth pointing out that this value is larger than the theoretical

resolution that could be obtained with the trocar sensor in ideal
conditions and in the absence of motion.

V. VISION-BASED FORCE FEEDBACK

The estimation of the two components of the external force
provided by the trocar sensor is used here to develop an intuitive
force feedback method based on augmented reality.

In our surgical system, frame grabbers capture real-time
stereoscopic images from the dVRK InSite stereo endoscope.
The force is visualized on the two rectified stereo images with
a graphic overlay following the instrument motion. To guaran-
tee the intuitiveness of the proposed approach, the overlay is
defined in the end-effector frame OE − xEyEzE and follows
the tool during the motion, as reported in the screenshots of
Fig. 10.

The intuitiveness with respect to the lack of the measurement
of the force along the axis zE is preserved by representing the
vector composed by the first two force components (fxE and
fyE) directly in the plane orthogonal to the instrument axis.
Moreover, the force vector is visualized with a directed line
segment (i.e., a geometric vector) with initial point on the tool’s
tip, then it is always inside the field of view. The graphical
overlay is updated on the surgeon’s stereoscopic display console
with a frequency of 30 frames per second. The geometric vector
can change length, direction, and color to visualize the following
three different kinds of information.

1) Force amplitude in a range [0, fmax] proportional to the
vector length.

2) Force direction on the plane orthogonal to the instrument
axis through the vector direction.

3) Force thresholds set for particular surgical phases codified
through the vector color.

To be more precise, the geometric vector connects the origin
OE of the end-effector frame to point PT , whose position vector
pT , expressed in the base frame, is computed as

pT = oE +REl

with oE being the position vector of OE and RE the rotation
matrix of the end-effector frame with respect to the robot base
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Fig. 9. Time histories of the estimated force. Method A) is used in the first three plots from the top and method B) in the last two plots.

frame. These quantities are computed from the joint vector q
using the PSM direct kinematics. Moreover, vector l is defined
as l = lmax/fmaxfE with lmax being the length of the geometric
vector when ‖fE‖ = fmax. Points PT and OE are projected on
the rectified stereo image plane considering the known pinhole
camera model transformation and the hand–eye calibration ma-
trices between the camera left/right frames and the robot base
frame, obtained using the method proposed in [30]. Finally,
the vector color is set according to a continuous gradient scale
between the green and the red color defined by the following
RGB code:

c = [α|fE |/fmax, α(1 − |fE |/fmax), 0]

with α = 255.
In our framework, the task-related force thresholds are set

empirically based on the average force the surgeon exerts while
performing the specific task. In the experiment presented in this
article, the following parameters are used: fmax = 5 N; lmax =
0.02 m; green color for force less than 2 N; yellow color for
force in the range [2 − 4]N; red color for force up to 5 N.
Three typical surgical subtasks have been considered—tissue

TABLE III
RMS ERRORS USING METHODS A) AND B)

palpating, needle passing, knot tying. The results are shown in
Fig. 10, reporting the variation in direction, length, and color of
the overlapped geometric vectors. A video showing the sensing
device and the proposed experiment can be downloaded2.

VI. DISCUSSION

In this section, a number of issues related to the proposed
trocar sensor is discussed. First of all, as it happens for many
commercial sensors, our solution requires an offset calibration
every time the sensor is switched ON. However, for the trocar
sensor, a new calibration is also needed anytime the surgical

2[Online]. Available: https://youtu.be/YxIBzTMlKFo.
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Fig. 10. Vision-based force feedback. The tissue reaction force is
shown in augmented reality. Top: Tissue pushing, Middle: Needle in-
sertion, Bottom: Knot tying.

instrument is replaced. This is due to the possible geometric
differences between instruments, which may not be perfectly
aligned with the trocar. Moreover, to make the calibration in-
dependent from the joint configuration of the robot arm, the
instrument-dependent gravity torques must be suitably compen-
sated before the calibration starts.

The instrument physical properties (length, mass, inertia)
should be taken into account in the sensor static and dynamic
model; however, for standard lightweight instruments, the dy-
namic effects are usually small compared to the range of the
measured forces and can also be neglected.

Finally, the prototype tested in the article was developed using
a PolyJet printing technology only as a proof of concept. The
development of a prototype suitable to be used in a real surgical
scenario is in our future plans. The material for the new sensor
will be chosen so as to be biocompatible, to have good response
to stresses without hysteresis, and suited to sterilization. More-
over, suitable seals will be designed to prevent the penetration
of body fluids inside the sensor.

VII. CONCLUSION

In this article, a new concept of force sensing for MIRS was
proposed and evaluated. The presented solution differs from the
MIRS force sensors presented in the literature since it does not
require the modification of the surgical instruments, the force
sensor being placed in the trocar. This opens the way for new
disposable, low-cost force sensors that can be tool independent,
allowing the use of force feedback on different robotic surgical
systems. As an example of possible use of the force measured
by the trocar sensor, a simple and intuitive vision-based force
feedback solution was tested on a da Vinci surgical robot. In
future works, the method C) described in Section III will be
implemented to extend the measurement range outside the trocar
sensor range.
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