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Abstract— Haptic devices have shown to be valuable in
supplementing surgical training, especially when providing
haptic feedback based on user performance metrics such as
wrench applied by the user on the tool. However, current
6-axis force/torque sensors are prohibitively expensive. This
paper presents the design and calibration of a low-cost, six-
axis force/torque sensor specially designed for laparoscopic
haptic training applications. The proposed design uses Hall-
effect sensors to measure the change in the position of magnets
embedded in a silicone layer that results from an applied
wrench to the device. Preliminary experimental validation
demonstrates that these sensors can achieve an accuracy of
0.45 N and 0.014 Nm, and a theoretical XY range of +50N,
Z range of +20N, and torque range of +0.2Nm. This study
indicates that the proposed low-cost 6-axis force/torque sensor
can accurately measure user force and provide useful feedback
during laparoscopic training on a haptic device.

Index Terms—force/torque sensors, low-cost sensor design,
haptics, laparoscopy training, surgical robotics

I. INTRODUCTION

Haptic feedback has been incorporated into a wide range
of devices for various applications such as perception aug-
mentation, enforcing safety barriers, and applying assistive
control behaviors (virtual fixtures). Accordingly, haptic de-
vices have become increasingly popular for surgical training
as they can provide either tactile or force cues on the trainee
as guidance/feedback on their performance. To give effective
feedback, a haptic device should ideally be able to discern
the motions and forces applied to the tool. However, many
haptic trainers neglect force measurement due to a lack of
affordable and easily integrable force/torque (F/T) sensor
options. This paper seeks to resolve this issue with the design
of a soft, low-cost, 6-axis F/T sensor designed specifically
for integration within a laparoscopic haptic trainer for skill
assessment and surgical training.

The majority of commercially available 6-axis F/T sensors
are comprised of miniature strain gauges applied to precise
micro-machined metal flexures [1-3]. This method generates
very accurate sensors, but comes at a very high cost of
fabrication and specialized circuitry for amplification and
signal conditioning. The typical price range for this type of
design is several thousands of U.S. dollars. This proves to
be a major limitation for incorporation of force sensing in
haptic devices. Pursuing a low-cost design will improve the
feasibility of exploiting force data for feedback in surgical
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assessment and increase access to such haptic trainers. The
cost of fabrication of these F/T sensors may be reduced by
3-D printing the flexures into the sensor (e.g. [4]), but the
cost and complexity of signal amplification and conditioning
remains contra-indicated to the simplicity we seek per our
application domain specifications.

Other low-cost load cells have been proposed in the
literature. For example, capacitance-based force sensors are
significantly less expensive, but also tend to be less accurate
than other force sensing methods [5-7]. Another approach
attempts to create flexures with optical sensors [8—13] to
reduce cost. However, these sensors are subject to reliability
issues based on the accuracy of the 3D printer used. Another
method for creating F/T sensors is to embed magnets inside
flexible material and measure the change in magnetic field
using a Hall-effect sensor. This is an attractive option due
to their simple electronics and construction. Abah et al.
[14], [15] have constructed single axis force sensors for
integration into continuum robots using Hall-effect sensors.
In [16], the authors theorize a 2-axis force sensor from Hall-
effect sensors and flexures. Gomez et al. [17] use Hall-effect
sensors to measure the center of pressure for a humanoid
robot’s foot. The sensors proposed in [18-21] all use Hall-
effect sensors to create a 3-axis force sensor. Lastly, Nie
and Sup [22] present a four axis, soft F/T sensor for robotic
applications. Despite their potential benefits, to the best of
our knowledge, Hall-effect sensors have not been used to
create a 6-axis F/T sensor.

In this paper, we detail the design, modeling, and calibra-
tion of the first soft, 6-axis F/T sensor that employs Hall-
effect sensors for surgical applications. The closest work
to ours is Harber et al. [20] where the authors propose
integrating their sensor into the Da Vinci Research Kit for
tumor palpation. However, their sensor only measures forces
(i.e. 3-axis) and their sensor is specifically designed for
palpation and not for general laparoscopic training.

For the chosen application domain of haptic devices for
soft-tissue surgery, the need for low-cost and single-use de-
vices outweighs the need for high-stiffness and high dynamic
bandwidth due to slow interaction with soft tissue. Driven
by these observations, we have set forth with an exploratory
design of a six-axis F/T sensor that meets these requirements.

The contribution of this paper is twofold. First, we present
the novel design of a 6-axis load cell including a discussion
of the fabrication and calibration process. The second con-
tribution is a model of the uncertainty propagation for the
sensor. Since this is an early feasibility study, we exclude the
effects of geometric and material uncertainties and consider
only the effects of low-level measurement uncertainties.
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We also reserve considerations of drift, hysteresis, and
repeatability for a more detailed investigation once these
uncertainties are resolved.

The paper first presents the sensor design including the de-
tails of the sensing mechanism, mechanical design, electrical
design, and the software configuration parameters selected.
Next, an overview of the force sensing model is discussed.
We then describe the method for determining the magnetic
field to position mapping. The method of calibration and
validation of the force sensor follows. We conclude with a
discussion of the proposed sensor’s characteristics and ability
to serve our application.

II. SENSOR DESIGN
A. Sensing Mechanism

The mechanism of sensing force is based on Hooke’s Law,
which gives a direct relationship between force applied on a
spring and its deformation. Silicone has highly elastic prop-
erties and typically follows a non-linear deformation model.
However, under small deformations, the relationship between
force and deformation can be approximated as linear for the
purposes of this initial feasibility study. In order to measure
deformation, small 1/16" diameter, 1/32" height magnets
(K&J Magnetics, D101-N52) are placed on the surface of
a layer of silicone and Hall-effect sensors/magnetometers
(Melexis, MLX90393) are placed on the opposite surface
to measure magnetic field strength. As the silicone is com-
pressed, the relative position between the magnets and the
magnetometers changes which is captured by the change in
magnetic flux density. We assume a linear mapping between
position and magnetic field strength, as given by:

p=Mb+o (1)

where p is the position of the magnet with respect to the
Hall-effect sensor, M is a diagonal matrix containing the
change in position for a change in flux for each axis, b is
the flux density, and o is the sensor offset.

Any one-dimensional force applied to an isolated magnet,
silicone, Hall-effect sensor system can be calculated using
Hooke’s Law:

F, = k(mb; + o) )

where F; is the force applied to the sensor, k is the spring
constant of the silicone, m is the constant that relates the
distance of the magnet to magnetic field strength, b is
magnetic field strength, and o is some offset. Extrapolating to
six dimensions from this one-dimensional case is explained
in detail in Section III.

B. Mechanical Design

While the sensor can also be used as a general 6-axis
F/T sensor, it was designed with the target application of
measuring forces and torques applied at the tip of surgical
tools in a haptic training device. The sensor is designed such
that it can be easily mounted to laparoscopic instruments
by passing the shaft of the tools through the center of the
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Fig. 1: Integration of the proposed force sensor with a
laparoscopic tool and haptic device.

force sensor as shown in Fig. 1. The sensor itself has three
main components: a center piece with attached Hall-effect
sensors, a layer of silicone, and an outer shell to house
the magnets (Fig. 2). Both the center piece and the outer
shell are 3D printed out of Phrozen Rock-Black Stiff resin
(Phrozen, Sonic Mega 8K S). The center piece serves to
rigidly attach the magnetometers to the tool shaft whereas the
magnets are fixed to the haptic device. The layer of silicone is
molded with Eco-Flex 00-30 (Smooth-On) which has a shore
hardness of 00-30. The layer thickness is 6mm between the
center piece and the outer shell. This allows the sensors to
move with respect to the magnets proportional to the amount
of force applied by the user on the tool shaft. The materials
and associated cost estimation are provided in table I.

TABLE I: Materials and cost estimation.

Material Price per Unit | Amount Price
Resin $66.19/kg 0.0533kg $3.53
Silicone $1.34/0z Toz $1.34
Magnets $0.14/unit 8 units $1.12
Magnetometers $1.95/unit 8 units $15.60
PCBs $0.33/unit 8 units $2.64
Wires $0.08/ft 4ft $0.32
Screws $1.60/unit 4 units $6.4
Nuts $0.45/unit 4 units $1.74
Total $32.74

To capture the forces/torques in six degrees of freedom,
the sensor has eight magnetometers and eight corresponding
magnets arrayed radially around the center of the tool. The
Hall-effect sensors sit at an angle of 25° from the vertical
axis of the tool shaft. The magnets are offset by 6mm from
the surface of the sensors. To encapsulate the positional
deformation that results from a force applied to the sensor,
the position of each magnet with respect to its magnetometer
must be combined to give the deformation twist of the center
piece as a whole. Eight sensors were chosen to provide
redundancy that can be leveraged to minimize error in the
computation of the deformation twist. This is explained in
more detail in section III. As a basis for that computation,
it is necessary to define a coordinate system for each mag-
netometer and magnet with respect to the base frame of the
force sensor in the nominal case (no force applied) (Fig.
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Fig. 2: (a) Picture of the assembled force/torque sensor. (b)
Picture of the sensor with the top cover and top silicone
layer removed. (c) Exploded view of sensor: D top outer
shell, @ silicone layer, ® MLX90393 Magnetometer, @ Ké&J
Magnetics D101- N52 magnet, G center piece, ® bottom
outer shell.

Fig. 3: Frame assignments for the nominal center frame {0},
the deformed center frame {C}, the sensor frames {S;}, and
the magnet frames {M;}. See Multimedia Extension 1 for a
visualization of how the center piece deforms under a load.

3). The base frame is placed at the center of the device is
defined with the z-axis along the tool shaft in the direction
of the tool tip. The Hall-effect sensor frames are assigned
by the chip itself and have the z-axis pointing outward from
the face of the chip, the y-axis pointing along the length of
the tool shaft, and the x-axis along the horizontal surface
of the inner ring. The frames of the magnets have the exact
same orientation as their corresponding magnetometers, just
translated 6mm in the positive Z direction.

C. Electrical Design

Measurements from the Hall-effect sensors are sent via
12C communication protocol to a Teensy 4.0 microcontroller.
There are four versions of the MLX90393 magnetometer

Teensy4.0
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Fig. 4: 12C wiring diagram. There exist 16 unique I2C
addresses for the MLX90393 magnetometer which allows
up to two F/T sensors on the same 12C bus.

MLX90393
014-00

MLX90393 MLX90393

014-10

MLX90393
014-11

013-11

chip which can each accommodate four user-specified ad-
dresses, so in total, 16 MLX90393 magnetometers can fit on
a single I12C bus (Fig. 4). Since the current sensor design uses
eight Hall-effect sensors, two of our force sensing devices
can be connected on a single 12C bus, which will facilitate
future integration into a haptic device. Each magnetometer
is soldered to a custom printed circuit board (PCB) which
interfaces between each chip and assigns the I2C address for
each magnetometer.

D. Chip Configuration

The MLX90393 magnetometer offers several parameters
that can be adjusted by the user to determine the quantities,
resolution, and frequency of magnetic field measurements.
The Hall-effect sensor is capable of detecting changes in
magnetic field in the X, Y, and Z direction as well as
the internal temperature of the chip. For this application,
measurements in all three dimensions are considered and
temperature is ignored.

Information from the magnet supplier indicates that the
magnetic field strength at the surface of the magnet is 6053
gauss (605.3 mT). Therefore, the sensor must be capable
of capturing the range 0-605300uT. The magnetometer can
report 16 bits per measurement which means that the ideal
resolution should be no less than 9.236 pT/LSB in the
Z-direction. The best option for resolution offered by the
MLX90393 is 9.680 pT/LSB along the Z-axis. The corre-
sponding resolution for the field strength in the X and Y
directions are both 6.009 pT/LSB.

The maximum frequency of data acquisition is limited
by the time it takes to perform a measurement. This is
determined by the amount of time needed to prepare the
magnetometer for a measurement and how many dimensions
must be measured. For our application, the preparation time
is 839us and the measurement time for a single axis is 835us.
Therefore the minimum period for measuring from three axes
is 3.34ms. A 10ms period is chosen to give a sampling
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frequency of 100Hz, which is far below the threshold for
human tactile perception of latency [23].

III. FORCE ESTIMATION

As previously mentioned, when a wrench is applied to the
sensor’s center piece (Fig. 2-®), the center deflects inside of
the silicone layer (Fig. 2-@). In this section, we describe a
method for estimating the wrench applied to the sensor’s
center piece and the pose of the center piece using the
measurements from the MLX90393 sensors (Fig. 2-Q)).

The ™ MLX90393 sensor measures the magnetic flux den-
sity b; = [bs, by, b.]T in Teslas in its own local frame {S;}.
As described in section V-A, we experimentally calibrated
the position of the i magnet *ip,,, as a function of b;
in {S;}. Next, we describe how we use the measurements
of *p,,, to estimate the pose of the center piece using the
Arun’s method for point-cloud registration [24].

A. Center Piece Pose Estimation

As shown in Fig. 3, we assign a frame {C} that is fixed
to the sensor center piece. When no wrench is applied to the
sensor, this frame will be aligned with the original center
frame (i.e., °T. = I;). When deflected, {C} exhibits a
positional and/or orientational offset from the world frame
(i.e., °T. # I,). To solve for °T,, we use the following loop
closure equation:

"Pim; = 'pc + "Reps, + "RR, * pin, 3)

In this equation, °p. € RR® and R, € SO(3) are the
translational and orientational components of °T,, respec-
tively. “p, € IR? is the position of the i magnet in world
frame. This value is a constant that is known from the sensor
geometry. Additionally, °p,, € IR?® is the position of the i*"
Hall-effect sensor frame {S;} relative to {C} which is also
a constant value and *p,,, € R? is the position of the i
magnet as sensed by the i Hall-effect sensor. This equation
can be simplified to:

Opmi = Opc + ORccpmi (4)

Using this equation and information from all 8 Hall-effect
sensors, we can estimate p, and °R,. using a least-squares
approach:

min
ORmOpc

8
> 1P, = ("R, +%pe) P ()
=1

To solve this equation, we rely on the singular value decom-
position (SVD) based approach first proposed by Arun et al.
[24]. In this method, we first find the centroid of the position
measurements:

8 8

_ 1 _ 1

Opm = g Z Opmw cpm = g Z Cpml (6)
i=1 =1

Using these centroids, we then calculate the following 3 x 3
matrix:

8
H= Z ((/pml - Lﬁm) (Opml - Oﬁm)T (7)
i=1

Next, we take the SVD of H:

H=UxV" ®)
The rotation matrix can now be estimated using:

'R, =VUT 9)

Once the rotation matrix is estimated, the translation can be
estimated using:

0 0

P — "RcP,,

Using (9) and (10), we can write the pose of the center
piece with respect to the sensor world frame in the form of
an SE(3) transformation matrix °T..

B. Deflection Twist

For our force sensing model, we want to express the
deflection of the center piece in terms of the twist A¢ € IRS.
We can extract the deflection twist from °T,. using:

A¢ =1log (°T,)" € RS (11)

Where log(-): SE(3) — se(3) is the matrix logarithm that
takes an SE(3) transformation matrix and returns a matrix
se(3) twist and (-)V: se(3) — IRC takes a matrix se(3) twist
and returns a twist in vector form [25].

C. Linear Estimation of Deflection Twists

For simplicity, we use the estimation method described in
the previous section to fit a matrix A € IR6*?* that can
be used estimate the deflection twist AE from a stacked
vector of magnetic flux densities from all eight sensors
b=[b],..., bf]T ¢ R**:

A¢ = Ab (12)

To find this matrix, we experimentally measure n different
magnetic flux density vectors using the method described
in section V-B and put them in the columns of a matrix
B = [bl, .. .,bn] € R?¥*"_ Using the method described
in section III-A, we then find the n deflection twists that
correspond to the columns of B and put them in the columns
of the matrix E = [A¢,,...,A¢,] € R™. Using E and
B, (12) can be rewritten using all n measurements of b:

=Z=AB (13)
Using this equation, we can find A using:
A =EB* (14)

Where BY is the Moore-Penrose pseudoinverse of B.

D. Force Sensing

Using Hooke’s law, the deflection twist A& can be used to
find the wrench w € IRS applied to the sensor center piece

using the stiffness matrix K € IR6%¢:
w = KA¢ (15)

By substituting (12) in for A§, we can find w using the
magnetic flux density measurements b:

w = KAb (16)
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In the experiments described in section V-B, we also col-
lected n measurements of the applied wrench. Similar to
section III-C, we create a matrix whose columns are the
wrench measurements W = [w1, ..., w,] € R6*",

W =KAB 17)
We can now find the stiffness matrix using:
K =W (AB)" (18)

IV. SENSITIVITY AND ERROR ANALYSIS

In this section, we aim to establish theoretical bounds on
the uncertainty in the estimated wrench given the uncertainty
in the magnetic flux density. In this initial feasibility study,
we consider only the uncertainty due to magnetic flux density
measurement and ignore the contribution of sensor geometry
and material properties of silicone to the uncertainty in the
wrench estimation.

Given (16), the deviation in the wrench estimation dw that
corresponds to an unmodeled measurement error in magnetic
flux density db is given simply by:

sw = KAésb (19)

In many cases, we do not know the exact value of 5b. We

are therefore more interested in establishing bounds on the

norm of dw. Therefore, we write the following inequality:

lswl < [ KA|[5B] (20)

where ||[KA|| is the spectral or 2-norm of KA. Given that

the 2-norm of a matrix equals its maximum singular value
[26], this equation can be rewritten as:

16w || < max (KA)||6b]| 1)

Therefore, the amplification of the measurement errors in b
is bounded by the maximum singular value opax (KA).

Similarly, in (??), the amplification of uncertainties in

measurement error in by and by are bounded by the maxi-
mum singular value of [AdlKlAl AdgKgAQ}.

V. EXPERIMENTS

To verify the sensor design and force sensing model, a
number of experiments were performed which are described
in the following sections. First, the relationship between
individual displacement of the magnets based on magnetic
field strength was determined experimentally. Then the sen-
sor was calibrated with a robust combination of forces and
torques to populate the stiffness matrix, K (16). Finally,
the force sensing model was verified by applying a set of
known forces/torques to the sensor and comparing the sensed
force/torque to the ground truth.

chip magnet

holder

Hall
Effect
sensor

effector

silicone
housing

Fig. 5: Setup for sensitivity experiments

A. Position Mapping

As mentioned in section II-A, we assume a linear rela-
tionship between the measured magnetic flux density and
position of the magnet with respect to the sensor. The
MLX90393 magnetometer is able to detect magnetic flux
density along three axes (X, Y, and Z). We first verified that
the change in magnetic flux for each dimension is sufficiently
sensitive to a positional change in that dimension (i.e. a
change in the x-direction corresponds to a change in the x-
component of flux density). The following experiment was
performed to determine the relationship between a change in
position and the corresponding change in magnetic flux.

The setup is composed of a motorized linear XYZ-stage
robot, a 3D printed mount for the Hall-effect sensor, a magnet
embedded in silicone housing and a Teensy4.0 to read the
data serially. The data is recorded for post-processing using
the serial port logging feature of the open source software
puTTy. The magnet is mounted to the end effector of the
Cartesian robot which is zeroed by aligning the magnet on
the center of the Hall-effect chip as shown in Fig. 5.

The process consists of moving the robot end effector
along each axis and collecting magnetic field readings at a
total of thirty discrete points. To determine the mapping in
the Z-axis, the robot moved the magnet away in 0.2mm in-
crements withing the range [1, 3]mm of distance between the
magnet and the chip. Similarly, in the X and Y dimensions,
the data is collected in the range [—1,1Jmm with 0.2mm
increments in their respective axes.

The resulting mapping between position and magnetic flux
density along each of the three axes is shown in Fig. 6. The
results demonstrate that the relationship between magnetic
field strength and position is approximately linear in each
dimension for the anticipated range. Therefore, (1) is can
be written with M populated by the slopes and o from the
y-intercepts from the linear regression model of each curve:

0.4423 0 0 —22
p= 0 0.3678 0 b+ |18 (22)
0 0 —0.0645 8
M o
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Fig. 6: Distance of magnet from sensor frame as a function
of magnetic field strength for X, Y, and Z axes. Note that
although the range of distances and magnetic flux vary
between X/Y and Z, the plots are superimposed.

B. Calibration

The goal of the calibration procedure is to construct the
stiffness matrix, K, in order to relate the magnetic flux
readings to force (16). The outer shell of the force sensor is
fixed to the end effector of the Meca500 (Mecademic) robot.
A rod which has an integrated attachment for calibration
weights is rigidly connected to the inner ring of the force
sensor. Masses of 50g and 200g were used to calibrate the
sensor. The robot was commanded to put the sensor in 193
different poses to sample a robust combination of forces and
torques across all six axes (Fig. 7). The mean of a hundred
measurements from each Hall-effect sensor were taken at
each pose to reduce the effect of noise in the measurements.
A video of these experiments is provided in Multimedia
Extension L.

From the Hall-effect sensor readings and the method
described in section III-A and III-B, the deflection twist of
the sensor frame is computed for each pose. These twists
make up the E matrix which is substituted into (14) with
the Hall-effect readings to generate A, which estimates
the deflection twist directly from the set of magnetic flux
measurements.

To determine the wrenches applied to the force sensor
at each pose, they must first be defined in world frame.
The position of the center of mass of the calibration weight
is given by the direct kinematics of the robot and a static
transform between the end effector frame {ee} and the center
of mass frame {w}, which is measured from CAD (23).

ot e

1 1

The orientation of the {w} frame is aligned with the
world frame so that the force applied at {w} is trivially
w, = [0,0,—mg,0,0,0]T. The resulting force felt by the
force sensor is calculated by taking multiplying the w force
by an adjoint transpose:

w. = AdTw,

(24)

Where the adjoint matrix is given by (25) for the rotation
and position between the sensor frame and the calibration
weight frame, “R¢ and “pc, respectively.

ch wpc/\ch

Ad = 0 “R,

(25)

Now that the deflection twist and the wrench on the sensor
is known for each pose, the stiffness matrix can be computed
from equation (18):

—-8.82 —-11.33 -—-1741 0.03 0.14 0.02
1.53 12.77 0.65 —0.21 —-0.02 -0.06

K— 39.70 2712  —-6.50 -0.03 0.10 —0.04 % 108
-0.13 -043 -0.02 0.01 0.00 0.00
-0.76 —-0.54 —-092 0.00 0.01 0.00
0.08 0.02 0.03 0.00  0.00 0.01

(26)

To report the upper bound of error propagation from the
Hall-effect measurements, the singular values of KA are
investigated. For forces, opax = 6.07 X 10’3N/,uT, Omin =
2.88 x 1073 N/uT and the isotropy index iS omin/0max =
0.47. As for the torques, omax = 2.26 x 1073Nm/uT,
Omin = 1.48 x 1073Nm/uT and the isotropy index is
Omin/Omax = 0.65.

C. Validation

The purpose of the validation experiment is to verify
the accuracy of the force sensor by comparing a known
applied force to the measured force. The setup was identical
to that used for calibration, except a different calibration
weight was used, specifically, 100g was chosen. As in
the calibration procedure, the sensor is held in different
poses and the magnetic flux density from each Hall Effect
sensor is recorded. Using the method from III-A and III-B,
the deflection twist was generated from the data, then the
measured force by the sensor was computed using (16). The
ground truth force/torque values applied to the center were
calculated according to the method previously described in
section V-B. The measured force was compared to the ground
truth as shown in Fig. 8. The root mean square error (RMSE)
over all sampled poses is reported in Table II.

TABLE II: Root mean square error of force and torque
measurements for each axis.

Quantity Fy F, F, M, My M,
RMS error | 0.2338 | 0.1136 | 0.3775 4.1 10.6 8.5
Units N N N mNm | mNm | mNm

An overview of the sensor characteristics is provided here.
Taking the Euclidean norm of the reported RMS errors for
force and torque can summarize the overall error as 0.45N
and 0.014Nm, respectively. The final calculated cost of a sin-
gle force sensor is $32.74 based on the calculations in Table
I. Though not validated experimentally, the estimated range
of our sensor 50N in the X,Y directions, 20N in the Z
directions, and +£0.2Nm for all torques. The estimated range
of the force sensor is computed by multiplying the stiffness
for a single dimension (elements on the diagonal of K) by
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Fig. 7: Calibration experimental setup. (a) Closeup of force sensor attached to calibration weight and robot flange. @ 100g
mass. @ 3D printed attachment. @ force sensor. @ Meca500 robot (b) Experimental setup for z axis torque experiments. (c)
Example eight poses out of 193 used to calibrate the force sensor. Multimedia Extension I shows this procedure.
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Fig. 8: Validation results of the force sensor that compares the applied and measured force/torque in each dimension.

the maximum possible deformation in that dimension. For  the magnet likely impedes the accuracy of our force sensing

the X and Y directions, the maximum possible deformation
is 6mm and in the Z direction it is 3mm.

VI. DISCUSSION

Our results indicate that a soft, low-cost, 6-axis
force/torque sensor for haptic feedback during soft-tissue
surgery is feasible. However, there are a number of design
improvements that can be made to increase the accuracy and
sensitivity of the F/T sensor. First, the assumption of a linear
relationship between magnetic flux density and distance to

model. Future investigation into a non-linear mapping based
on the magnetic dipole model should be considered. In turn,
this will reduce the error and improve the sensitivity of the
device. The linear assumption of silicone deformation must
also be revisited to accommodate greater forces and improve
the accuracy of the device. Once these two assumptions have
been relaxed, a thorough investigation into other properties
of the sensor such as hysteresis, drift, and repeatability can
be conducted.
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VII. CONCLUSION

This paper presented a low-cost 6-axis load cell designed
specifically for haptic surgical trainers or future use in
surgical applications. At the outset, our motivation was
to design a low-cost, standalone 6-axis F/T sensor that
does not require expensive external signal conditioning and
amplification. We presented an exploratory design of the
sensor using a soft elastomeric matrix, embedded magnets,
and moving Hall-effect sensors. The design requires a single
4-line connection for I2C communication and it was shown
to achieve a good accuracy on the first attempt of design
parameter selection based on an educated guess for material
selection and geometry. Both the physical design and the
theoretical force sensing model were discussed, and a model
for force sensing at the tip of a surgical instrument passing
through two F/T sensors was introduced. This exploratory
study has limitations in that the process of sensor design was
ad-hoc and the process of geometric and material parameter
optimization is a problem that will require substantial future
effort. Furthermore, for sensors of this type to work for a
large full-scale limit would require hyper-elastic constitutive
modeling to be incorporated within the design optimization
process. We expect this type of sensor to be useful for low-
cost or single use applications and potentially to support
the deployment of low-cost technologies in low-resource
settings.
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