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Miniaturized Cutting Tool With
Triaxial Force Sensing
Capabilities for Minimally
Invasive Surgery

This paper reports a miniaturized triaxial force sensorized cutting tool for minimally
imvasive robotic surgery. This device exploits a silicon-based microelectromechanical
system triaxial force sensor that acts as the core component of the system. The outer
diameter of the proposed device is less than 3 mm, thus enabling the insertion through a
9 French catheter guide. Characterization tests are performed for both normal and tan-
gential loadings. A linear transformation relating the sensor output to the external ap-
plied force is introduced in order to have a triaxial force output in real time. Normal
force resolution is 8.2 bits over a force range between 0 N and 30 N, while tangential
resolution is 7 bits over a range of 5 N. Force signals with frequencies up to 250 Hz can
successfully be detected, enabling haptic feedback and tissue mechanical properties in-
vestigation. Preliminary ex vivo muscular tissue cutting experiments are introduced and
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1 Introduction

In the past few decades, a large amount of microelectrome-
chanical systems (MEMSs) have been developed in order to sat-
1sfy different needs in biomedical, applications. Nowadays, one of
the most important challenges 1s to integrate these MEMSs into
usable devices that should be able to fill the gap between Micro-
System Technology (MST) and end users. Taking advantage of the
limited dimensions of MEMS, new small and “smart” surgical
tools can be designed and implemented in order to enhance the
outcomes of minimally invasive surgery (MIS) procedures [1].

The development of systems for endoscopic surgery originated
40 years ago with the research on instrumented catheters [2]. The
advantage offered by catheters 1s to 1ntroduce sensors onto the tip
of an clongated, small diameter device able to reach the most
remote regions of the human body.

The mtegration of MEMS sensors 1nto catheter tips has been
mainly pursued for diagnostic purposes, e.g., pressure measure-
ment 1nside blood vessels. Silicon micromachining has been used
[3] in order to develop a fiber-optic pressure sensor with an outer
diameter of 0.36 mm. Other examples, commercially available,
are produced by several biomedical companies [4.5]. More re-
cently, catheters have also been used for therapeutic goals: Some
of them can integrate deployable stents to repair aneurysms or
deployable superelastic balloons for angioplasty. The advance-
ment of the catheter 1s performed by the medical doctor, who must
insert the device by turning and selecting the right branch to ex-
plore or to treat. This operation requires extensive training and
understanding of the environment. Usually, the medical doctor
relies only on the force feedback that his/her hands receive and on
visual feedback provided by intraoperative imaging. lactile sens-
ing 1s transferred from the tip of the catheter through itself and, 1f
the device 1s not stiff enough, it 1s almost impossible to detect the

Submitted to ASME for publication 1 the JoURNAL oF MEDICAL DEVICES. Manu-
script received July 19, 2000; final manuscnipt received August 8, 2007, Review
conducted by Gerald E. Miller. Paper presented at the Eight Bienmal ASME Con-
ference on Engineening Systems Design and Analysis (ESDA2006), Torino, Italy,
July 47, 2006.

206 / Vol. 1, SEPTEMBER 200/

Copyright © 2007 by ASME

[DOI: 10.1115/1.2778700]

condition of its tip without sensing devices located in the distal
end of the catheter. Several solutions that take advantage of
MEMS sensors have been presented to overcome this problem. An
interesting example |6] is a compound cavity tactile sensor that
uses a surface-emitting laser to detect frontal pushing force. In a
similar solution |7], a silicon micromachined pressure sensor is
embedded i the catheter tip by using a silicone gel. Both these
examples have the limitation of a monoaxial force sensing, 1.e., if
the angle between the catheter tip and the lumen wall 1s lower
than 90 deg, then the pushing force could be dramatically under-
estimated and severe damaging of tissues can occur.

A more advanced solution for catheter insertion is given by
active guide wires with bending capabilities [8]. A similar version
which embeds contact sensors and a closed loop control move-
ment is presented by Olympus [9]. Even if the authors use three
contact sensors, placed around the tip at 120 deg to each other, the
detection of the contact angle 1s still not completely rehable.

Another important biomedical field that can take advantages of
triaxial force information acquired using mimiaturized smart tools
1s MIS. Surgical tools for this kind of applications already exist
[10], but the technology used for sensing consists of traditional
metallic structures with commercial strain gauges, and therefore
these systems are difficult to be scaled down to very small dimen-
s10nS.

Force feedback plays a fundamental role in robotic MIS, also
known as MIRS. With the recent development of robotic fixtures,
more attention has usually been devoted to improve actuation of
tools and to maximize their degrees of freedom [ 11]. On the other
hand, the role of force feedback in surgery is well assessed [12],
and some examples | 13—16] of microinstruments embedding sen-
sors 1n order to drive the force feedback of haptic displays have
been developed so far. A MEMS-based tip force sensor for triaxial
force feedback i robot assisted manipulation can significantly
improve the procedure outcomes |17]. Good sensitivity and lin-
earity are reported in this work, even if the final overall size of
this sensor (diameter of 12.5 mm) and the lack of scalability make
this device i1nadequate for endoluminal nterventions. A scalpel
embedding a force sensor for MIS with a diameter of 10 mm has
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also been developed [ 10] to provide the surgeon with direct haptic
information. The sensor, consisting of a metallic structure with
commercial strain gauges, 1s placed directly behind the blade and
can measure forces up to 20 N. A complete setup for measuring
cutting forces of a surgical knife on liver tissue 1s reported in
literature | 18,19]. The force data are acquired by a commercial
multiaxial load cell and are used to build a local finite element
model of blade-tissue interactions. Modeling of deformable tis-
sues 1s critical for providing accurate haptic feedback to the sur-
geon 1n common surgical tasks such as grasping, cutting, and
dissection. A novel haptic model for a scalpel and its interactions
with 3D soft tissue has been developed by Bielser and Gross | 20].
This model 1s based on tetrahedral volume meshes and provides
more topological flexibility if compared to standard frameworks.

Preliminary results concerning the integration at the tip of a
surgical cutting instrument of a silicon-based triaxial force sensor
[21,22] have been reported by the authors [23]. The developed
device has an outer diameter of 7.4 mm that makes it unsuitable
for applications where small dimensions are required, such as en-
doluminal interventions. In the present paper, a triaxial force sen-
sorized cutting tool, having a similar design to author’s previous
work [23], but with an outer diameter lower than 3 mm, is de-
signed, modeled, fabricated, and tested in cutting tasks. This de-
vice enables the detection of cutting forces without visual feed-
back in endoluminal surgery and force control operation in MIRS.
This device can also be used to recover data for haptic recording
of tissue properties and for modeling local interactions between
the blade and soft tissues in cutting tasks [24]. The same kind of
design, fabrication, and calibration results applies for the embed-
ding of the sensor inside the tip of a 9 French catheter, in order to
address the catheter insertion problem, or as a distal part of a
miniaturized robotic fixture that must be used for triaxial force
sensing. IFor these applications, the blade placed on the device tip
must be substituted with a suitable probing end. A proper tailoring
of the packaging parameters is also needed in order to meet the
specific application requirements 1n terms of size, weight, range of
forces, and signal bandwidth.

The design, fabrication, and signal conditioming are addressed
mn Sec. 2. 'The device calibration 1s described in Sec. 3. Prelimu-
nary ex vivo cutting experiments of muscular tissues are reported
mn Sec. 4. Finally, conclusions and future works are illustrated 1n

Sec. d.

2 System Design And Fabrication

2.1 System Design. The main issue to consider during the
design phase of the mimiaturized cutting tool is to increase the
robustness of the silicon triaxial force sensor through a proper
packaging that can be adequate for the target application. The
overloading limits for the bare MEMS sensor are 3 N for normal
loadings and 0.5 N for tangential loadings [22]. In order to in-
crease these limits, a comphiant polyurethane filling was selected
to embed the force sensor. The polymer, penetrating inside the
MEMS cavities, acts as a mechanical soft stop, thus avoiding the
breaking of the silicon device, represented in Fig. 4(z). In addition
to this, the packaging structure must transmit the force to the
MEMS sensor 1n a symmetrical way, in order to maintain the
information about the stimulus orientation. Thus, a nylon ball was
selected as mechanical interface between the blade and the poly-
urethane filling that embeds the sensor, as represented 1n Fig. 1. A
sharp ruby blade was attached to the flat surface of the nylon ball.
The blade 1s 5 mm long, 1.5 mm wide, and 500 um thick.

All the selected materials are biocompatible and the polyure-
thane filling has also the function of sealing the inner space of the
device, thus avoiding interactions between the electronics and the
physiological environment.

Thanks to the process described in the next subsection, it was
possible to achieve an outer diameter less than 3 mm (specifically
2.95 mm), so that the device can be introduced into the human
body through a 9 Irench catheter guide. The nylon ball has a
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Fig. 1 Cross section of the device

diameter of 2.5 mm and the length L, reported in Fig. 1, 1s 6 mm.

The polyurethane filling has the drawback of decreasing the
device sensitivity. Thus, a trade-off between device robustness and
sensitivity must be found through a proper tailoring of the dis-
tance D (Fig. 1) that separates the MEMS sensor tip from the
lower surface of the nylon ball and defines the polymer volume.
For this reason, a set of finite element simulations was carried out
for normal loading forces. The software used was FEMLAB 3.0 and
a 3D solhid linear element model was used. The polyurethane was
assumed to be a purely elastic material and the silicon sensor
material was assumed to be 1sotropic. The model agreed well with
experimental calibration results reported later in the paper. Thus, it
was decided to perform further simulations to determine the effect
of changes in D. From these simulations, reported 1n Fig. 2, it was
observed that when D was reduced from 1 mm to 0 mm, the frac-
tional change in resistance, that 1s proportional to the sensor out-
put voltage, for a 1 N simulated normal load, was more than
doubled. When DD was increased from 1 mm to 2 mm, the frac-
tional change in resistance had only a 30% reduction. It can be
inferred that the relationship between D) and the force necessary to
produce fracture of the silicon sensor at its weakest point would
muirror this pattern. When D 1s reduced from 2 mm to 0 mm, the
maximum stress increases by over a factor of 3.

Figure 3(a) shows the quarter solid model of the device with D
of 1 mm fora 1 N normal loading, while Fig. 3(5) is the boundary
plot of total displacement. From these pictures, it 1s possible to
observe that a large portion of the force 1s absorbed in the poly-
urcthane between the sphere and the device outer walls, where a
large amount of the force 1s stored as shear strain energy. This
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Fig. 3 (a) Quarter solid model and (b) boundary plot of total
displacement of the device for a1 N normal loading

explamns why there 1s not such a significant increase of the frac-
tional change i resistance from D=1 mm to D=2 mm and also
why the sensor becomes more robust once embedded mto the
polymer.

From these considerations and from some preliminary experi-
mental results, =1 mm was selected as design parameter, in
order both to sense forces in a range typical for tissue cutting | 18]
and to be robust enough to withstand occasional overloading.

2.2  System Fabrication. In the 7.4 mm diameter cutting tool
[23], the sensing element, represented in Fig. 4(a), was the triaxial
force sensor [21] fixed by conductive glue to a silicon support
(2.3 X 2.3 mm). This support was then glued onto a flexible circuit
and 1its pads were wire bonded to copper tracks. This operation
required additional space, thus obtamming a final diameter of
7.4 mm for the device.

The main mnovation that allowed to reduce the outer diameter
from 7.4 mm to 2.95 mm was mounting the sensor directly onto
the flexible circuit, obtained from LF9150R Pyralux (DuPont,
Wilmington, DE). In order to achieve this task, the nine contacts
(diameter of 200 um) of the sensor (two contacts for each pi-
ezoresistor, as represented in Fig. 4(5), and one for the bulk) must
be connected to copper pads on the flexible circuit and a good and
reliable mechanical bonding must be established.

To find the most suitable bonding method, different kinds of
techniques were mvestigated. A microassembly station was set up
consisting of a hot plate (25—300°C), mounted on an x-y manual
micrometric translation stage (M-105.10, PI, Germany), and a

suction gripper (for holding and placing the sensor), mounted on a
servocontrolled nanometric translation stage, with a dc servomo-
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Fig. 4 (a) Focused ion beam image of the triaxial force sensor
and (b) scanning electron microscope image of one piezoresis-
tor and its two connection pads
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Fig. 5 The fabricated device

tor (111-1D@G, PI, Germany) for fine normal direction movements.
For dispensing conductive glue or solder paste, a microdispenser
(1000XL., EFD, Burbanh, CA) and a 3 DOF commercial manipu-
lator (Marzhauser-Wetzlar, DC3-R-L, Germany) were integrated
into the setup. Conductive glue (Ablebond 84-1, Ablestik, Berke-
ley, CA) was used in the first trials, but during the curing process
at 150°C, most of the electrical contacts were lost. Surface mount

device (SMD) soldering paste (ISO Cream, EL.3202, Felder Lot-
technik, Germany), with small solder particles in the size range
between 5> um and 15 um, was then considered. This paste was
dispensed through a 30 gauge needle suitable for the task. The
electrical connections functioned well, but the mechanical bond-
ing was observed to be quite fragile and fractures occurred when
applying a tangential force of 1-2 N on the sensor. The final
choice was then the Z-axis conductive film 5552R (3M, St. Paul,
MN). This tape electrically connects and mechanically bonds cir-
cuit lines with a pitch down to 100 um through the adhesive
thickness (the Z axis). Mounting the sensor using this film re-
quired further critical process steps compared to soldering and
gluing, e.g., thermal ramp profile control for the tape activation,
while maintaining constant normal loading conditions. However,
the results have shown excellent electrical contacts (less than 1 )
contact resistance) and reliable mechanical bonding (the sensor
cannot be mechanically detached without destroying the silicon
substrate).

The second part of the assembly process began with mounting
the sensor external support (fabricated in polyether ether ketone
(PEEK™) by using a five-axis computer numerical control (CNC)
machining center) onto the flexible circuit using a UV-light curing
adhesive (ELC 4481, Electro-Lite Corp., Bethel, CT). In the next
step, 10 mg of soft polyurethane (Poly 74-45, PolyTek, Humble,
TX) was dispensed into the housing and the cleaned nylon ball
was 1nserted. The amount of polyurethane, together with a tailored
assembly tool, allowed us to achieve the desired gap D between
the ball and the sensor tip. After polymer curing at room tempera-
ture, the blade was glued to the ball by a strong adhesive glue
(M-Bond 200 Adhesive, M-Line, Raleigh, NC). A picture of the

fabricated device 1s reported in Fig. 5.

2.3 Electronics. As described above, four piezoresistors
(ranging from 800 ) to 1 k{2) were used to measure the sensor
tip deflection and then the applied force. Each piezoresistor varia-
fion was measured mn a “quarter-Wheatstone bridge” configura-
tion. To amplify the bridge signals to a level between —10 V and
10 V, four instrumentation amplifiers (AD620, Analog Devices,
Norwood, MA), with an amplification factor of 430, were used.
No analog filtering was applied. A data acquisition card (DAQ-
6062E, National Instruments, Austin, TX) allowed digitizing of
the four signals. The software platform was Windows XP and
National Instruments LABVIEW 7.0.

3 Calibration

The test bench used to characterize the knife had similar fea-
tures as that reported in a previous work [22], where it had been
used for the bare silicon sensor characterization. The experimental
apparatus used in this work encompassed a different support, suit-
able to maintain the device in a fixed position during loading tests.
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Fig. 6 Sensor response to normal loading

In the test procedure, a six component load cell, mechanically
connected to a motorized nanotranslator, applied a controlled load

to the blade.

Three loading schemes are needed for a proper calibration of
the device:

* normal loading (Z axis)
* tangential loading along the R;— R, direction (X axis) and
* tangential loading along the R,— R, direction (Y axis)

The sensor outputs along these three loading configurations are
linearly independent and allow, 1n the case of linearity, to build a
calibration matrix starting from the acquired data. The correct
loading along the translational direction of the nanoshder 1s en-
sured by the null readings of the other components of the pushing
force, which are acquired by the six component load cell. The
obtained calibration matrix can be used to directly evaluate in real
time the force output during cutting interventions.

3.1 Device Characterization. During normal tests, a load in-
creasing from O N up to 3.6 N was applied at a translational con-
stant speed of 35 um s™!. Sensor outputs, in terms of fractional
change in resistance AR/R versus normal loading force, are plot-
ted in Fig. 6. The coefficient of determination, which quantifies
the linearity of the curve as it is close to 1, was found to be 0.99
for all the piezoresistor outputs.

In order to characterize the dynamical behavior of the device, a
step response test was performed. Therefore, a 5 N normal load
was applied to the sensor and removed instantaneously. The signal
rise time fg5;, defined as the time required to reach 93% of the
steady value of force, was found to be smaller than 4 ms, corre-
sponding to a frequency of 250 Hz. So, the range of frequencies
relevant for haptic feedback and tissue mechanical property mea-
surement (i.e., from dc to hundreds of hertz |[25]) is covered.

The sensor outputs for an applied tangential load along the X
axis are plotted 1n Fig. 7. In this configuration, the sphere trans-
mits the applhied force to the polyurethane filling and then to the
force sensor; 1n this way, R; and K, exhibit an opposite behavior,
while K, and R, are not significantly imnfluenced. The same apphies
to the results of a pure tangential loading along the ¥ axis.

The standard deviation of the calibration data, evaluated on 20
trials, was 1.4% of the signal full scale range. Due to the lack of
a fifth dummy piezoresistor on the sensor, a real temperature com-
pensation, like the one achievable using a “half-Wheatstone
bridge” configuration, was not possible. On a symmetrically fab-
ricated device, a temperature change should result in the same AR
of all piezoresistors and should therefore appear i1n the calculated
forces only as a normal force vanation, while tangential forces
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should not be affected. Typical normal force change due to tem-
perature was about 0.07 N/°C. However, since the device 1s de-
signed to work 1n a surgical environment, i1t will be used almost at
a constant temperature of 37°C, that 1s, the human body tempera-
ture; thus, thermal drift should not be a major problem.
Maximum loading force ranges were experimentally evaluated.
Regarding normal loadings, the device overloading limit increased
from 3 N of the bare silicon sensor up to 30 N, thanks to the
polyurethane filling that absorbed much of the applied force as
strain energy. While for tangential forces, the detachment of the
nylon ball from the polyurethane filling occurred at 2.5 N. In or-
der to prevent this situation, a cap with a slot for the blade can be
designed in order to stop the lateral blade movement before the
critical threshold 1s reached. Normal force resolution, limited by
sensor noise performances, was about 100 mN for the unfiltered
signal. Considering a force range between 0 N and 30 N, the reso-
lution 1n terms of bits was 8.2. As regards tangential forces, the
lowest force that could be resolved was 40 mN; thus, the resolu-
fion 1n terms of bits was 7 over a range that spanned from

-2.5 N to 2.5 N.

3.2 Calibration Matrix. Once the linearity of the device was
assessed, a linear transformation from the four values of fractional

changes in resistance (vector E/R) to the values of the three

components of the force (vector F) could be used. The linear
transformation K applied [22] is the following:

_ AR
F=K— (1)
R
The K matnx for the proposed device resulted 1n the following:
( -3389 0 537 O \
K= 0 48 0 -=-3518|N (2)

\ 270 339 305 297 /

and the experimental sensitivity matrix Sz, which 1s the Moore—
Penrose pseudoinverse of matrix K, was

94 0 76
0 03 8.7
Sy = X 1074 N1 3
E 8.3 0 3)
0 -106 8.6

Thus, the sensitivities [ 22| were
S. =94 X 107* N
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Fig. 8 Schematic view of the experimental setup for muscular
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S,=10.6 X 107 N

S, =87 X 107* N

4 Muscle Cutting Experiments

Preliminary experiments on muscle cutting were performed in
order to valhidate the capabilities of the proposed device to supply
real time force feedback in robotic assisted surgery tasks.

4.1 Experimental Setup Description. The experimental
setup 1s sketched in Fig. 8. It consisted of a computer controlled
cutting subsystem mounted on an x-y-z manual micrometric trans-
lation stage, where an ex vivo pig muscular tissue specimen was
constrained on a plastic sample holder.

The cutting device was mounted on a ball screw slider driven
by an ultrasonic motor with an integrated incremental encoder
(USR-30-ED-CONT, Fukoku Co., Japan). The maximum dis-
placement the shder could achieve was 100 mm with a selectable
speed that ranged from 0.01 mm/s to 5.0 mm/s. A proportional
derivative (PD) controller was implemented in order to enable
precise movement of the shder during cutting tasks. The design
and construction of the cutting assembly ensured that the system
was sufficiently rigid and had minimal backlash, so that the forces
recorded by the sensor were those obtained just by the tissue
cutting action.

A rectangular flat ex vivo pig muscle specimen (80 X80
X 10 mm~) was glued with cyanoacrylate adhesive onto a plastic
frame 1 order to obtain a constrained boundary to simulate the
physiological environment of muscles. Saline solution was
sprayed on the specimen once every D min in order to maintain
physiological conditions and to avoid drying. Muscular tissue cut-
ting was tested in the longitudinal direction by orienting the shder
movement along the muscular fibers. During each cutting test,
force signals from the device were acquired during a slider move-
ment of 10 mm at a translational constant speed of 1 mm/s. In
order to have repeatable results, a preload of 100 mN was im-
posed as a starting condition. len trials were performed 1n order to
validate the results. IYor each cutting trial, the achieved cut dimen-
sions were estimated using a 2.1 megapixel digital optical micro-

scope (VH-8000, Keyence, Japan).

4.2 Results. The three components of force recorded by the
sensor during a cutting task of muscular fibers are plotted in Fig.

210 / Vol. 1, SEPTEMBER 200/

o
o0

A,
0.7 PHASE1 - ! ~_PHASE2
s ‘ LI
r" 1 -\1‘
0.6 ] | "\ )
/! | \, RN
— 0-5 i' . : 1-_,___.’___. - -.
< Point of
U 04 / cut initiation
o ! -
O - F,
0.3 S—
F,
0.2 S
*.+’
0-1 ) ; . .:r.;,"
e

0 1 2 3 4 5 6 7 8 9 10
Displacement (mm)

Fig. 9 Sensor output during cutting test

9. 'The cutting movement direction was oriented along the y axis
of the sensor. An effective cut of 8.87 mm was achieved. From the
experimental data, 1t was possible to observe a typical cutting path
[ 18], formed by a repeated sequence of localized tissue deforma-
tion (indicated as Phase 1 in Fig. 9), followed by localized tissue
fractures (indicated as Phase 2 in Fig. 9), that determine a drop in
the force signal. F, can be used to give the surgeon feedback
about which phase of the cutting cycle is taking place (in this
particular cutting mode, where the blade travels parallel to the
material plane). F, was not the only significative component of
the force signal. From Fig. 9, it 1s clearly evident that F, and I,
cannot be neglected. This can be explained in the following way:
During the buildup to cut initiation (Phase 1), the F_arises due to
the warping of the tissue out of plane—it 1s possible to assume
that this warping 1s not symmetrical about the blade and this force
imbalance causes a moment couple. £, could also be explained 1n
terms of tissue warpage: Again, during the buildup to cutting ini-
tiation (Phase 1), the warpage of the tissue out of plane causes a
downward force due to friction on the blade. It can be noted that
the maximum values of F, and #, coincide with the point of cut
initiation, where tissue warpage 1s maximum. As previously re-
ported, the actual cutting length was shorter than the performed
displacement. This 1s because after sliding was stopped, the mini-
mum force to continue cutting was not maintained.

5 Conclusions

In the present paper, a novel triaxial force sensorized tool for
endoluminal mterventions and MIRS has been presented. Its small
dimensions (outer diameter less than 3 mm) make this device suit-
able to be inserted through a 9 French catheter guide into the
human body. A normal force resolution 1s 8.2 bits over a force
range between 0 N and 30 N, while tangential force resolution is
7 bits over a range of 3 N. The device proposed in this work 1s
intended for tissue cutting tasks. However, if the final part of the
tool, 1.e., the ruby knife, 1s replaced with a different kind of shape,
then different clinical applications can be addressed (i.e., tissue
palpation). Force signals with frequencies up to 250 Hz can suc-
cesstully be detected, enabling haptic feedback and tissue me-
chanical property investigation. A calibration matrix has been
evaluated for the proposed force sensor, allowing a real time force
monitoring. This has been apphied 1n a muscular tissue cutting
experiment, where all the three force components have been re-
corded during the knife movement. Thanks to these information, a
surgeon can drive a mampulator during MIRS operations taking
advantage of real time triaxial force feedback.

All the device components are biocompatible; however, steril-
1zation 1ssues must still be addressed 1n future work. Safety re-
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lated to electrical wiring must also be considered in the future. A
strategy that can be easily adopted to improve electric safety 1s
using an isolation amplifier (e.g., AD208 from Analog Devices)
instead of a normal instrumentation amplifier. Moreover, further
improvements of the system can be the addition of a dummy
piezoresistor that would enable temperature compensation, and
the introduction of a half bridge configuration in the signal acqui-
sition board, allowing an increase of 1 bit of resolution for each
force direction. Most future work will be oriented toward the in-
tegration of the sensing device into a robotic aided surgery system
in order to have triaxial force feedback 1n robotic guided endolu-
minal 1nterventions.
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