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Abstract
Magnetic resonance imaging (MRI) has been gaining popularity over standard imaging modalities
like ultrasound and CT because of its ability to provide excellent soft-tissue contrast. However,
due to the working principle of MRI, a number of conventional force sensors are not compatible.
One popular solution is to develop a fiber-optic force sensor. However, the measurements along
the principal axes of a number of these force sensors are highly cross-coupled. One of the
objectives of this paper is to minimize this coupling effect. In addition, this paper describes the
design of elastic frame structures that are obtained systematically using topology optimization
techniques for maximizing sensor resolution and sensor bandwidth. Through the topology
optimization approach, we ensure that the frames are linked from the input to output. The elastic
frame structures are then fabricated using polymers materials, such as ABS and Delrin®, as they
are ideal materials for use in MRI environment. However, the hysteresis effect seen in the
displacement-load graph of plastic materials is known to affect the accuracy. Hence, this paper
also proposes modeling and addressing this hysteretic effect using Prandtl-Ishlinskii play
operators. Finally, experiments are conducted to evaluate the sensor’s performance, as well as its
compatibility in MRI under continuous imaging.

Index Terms
Optical force sensor; magnetic resonance imaging; topology optimization

I. INTRODUCTION
There is an increasing trend in performing robotic surgery and biopsy under some form of
image guidance. In recent years, a number of groups have used magnetic resonance imaging
(MRI) because MRI provides excellent soft-tissue contrast, 3D images, and for example,
whole brain coverage. In addition, MRI does not emit harmful ionizing radiation.
Unfortunately, due to its working principle, MRI environment poses many challenges and
one of those is the introduction of robotics in the MRI environment with various sensors,
actuators, and material choices. The components required to obtain a good MR image
consists of: 1) strong magnetic fields (1.5T or 3T), 2) spatial and temporal field gradients, 3)
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radio frequency pulses, and 4) sensitive signal coils used for detection [1]. Any device
developed for use in MRI needs to be appropriately designed to maintain excellent image
quality. Ferro-based metals should be avoided if the device is to be placed near the scanner
and if it cannot be securely anchored due to prevent “missile effect”. Non-ferro-based metals
which can conduct electricity are used with caution as eddy currents can be generated due to
the strong switching magnetic field gradients.

Force sensing is an important component for any application that involves contact [2], [3].
In a robotic system for teleoperated image-guided interventions, the force sensor can be used
for control purposes, and also for haptic feedback so that surgeons have a better “feel” when
teleloperating the slave robot in the MRI bore.

An MRI-compatible force sensor is desired for a manipulator that is currently being
designed for breast biopsy (Bx) and radio-frequency ablation (RFA) of breast tumors under
continuous MRI [4], [5]. This force sensor will be placed near the surface of the breast, and
a needle driver system that is located through the center of the sensor will drive the biopsy
needle or radiofrequency ablation (RFA) probe into the breast to the target lesion. As the
sensor is located near the breast, the technology used for the sensor must be chosen carefully
to prevent image artifacts which degrade the image quality of the target lesion and guiding
device.

Researchers have developed a few MRI-safe force sensors. One example of the
commercially available force sensors is a piezoresistive based sensor by Sensor Technics,
Puchheim, Germany [6]. The sensor is classified as MRI-safe because no force is generated
on the sensor when placed in the magnetic field. However, the sensor produces a localized
artifact measuring 42 mm [1]. Such a large image artifact can adversely affects the image
quality and hence cannot be placed next to the target location.

Researchers have also proposed using optical methods [7]–[13]. Hirose and Yoneda [7] were
one of the pioneers in developing fiber-optic force sensor. Tada et al. [8] modified the
sensor to make it usable in MRI environment, while Takahashi et al. [9] proposed a 6-axis
fiber-optic force sensor. Tada and Kanade [10] and Tokuno [11] proposed using lens to
improve the sensing performance. Recently, Puangmali et al. [14]–[16] proposed using a
pair of bent-tip optical fibers to detect the displacement. Most of these flexure-based designs
are sensitive to moments. In addition, the measurement along the axes of most of these
multi-axes sensors are highly coupled and accuracy is affected when forces/moments along
different axes are applied. The angle between the emitter/reflector and the receiver is
dependent on the forces and moments in more than one axis. Hence, this paper presents a
possible design of the force sensor for decoupling the force measurements.

An elastic frame structure is also required for these force sensors. Most present designs of
the elastic frame structure are purely based on experience and intuition. Hence, a topology
optimization algorithm is used to generate a suitable design for the sensor. The primary goal
of using topology optimization algorithm in our prototype is to derive a systematic analytical
process to design the fiber-optic based force sensor. It is desired that a software can be
programmed based on this systematic approach to aid engineers in designing the elastic
frame structures. With this software (with graphical user interface), users need not have
background knowledge in topology optimization and are still able to use it. Another
objective of using topology optimization is to maximize the input-output displacement gain.
Mechanical displacement amplification has several advantages including: 1) better
resolution, 2) higher stiffness (lesser movement at the loading point), and 3) larger
bandwidth.
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In a number of cases, the topology optimization algorithm outputs a design with very thin
thickness, which is challenging to fabricate. Hence, a solution is also proposed in this paper
for the topology optimization to ensure continuity between the input and output ports on the
sensor.

Plastic material is commonly used in the elastic frame structure for MRI-compatibility.
However, most plastic materials exhibit hysteretic force-displacement relationship due to the
strain energy absorbed during deformation. Hence, the play operator of Prandtl-Ishlinskii is
proposed to model this hysteretic effect to improve the sensing accuracy.

In section II, we present the sensor design with its sensing principle. Next, the design of the
elastic frame structure using topology optimization is presented in section III and section IV
presents the prototype developed. Section V discusses the calibration, which includes
accounting for the hysteretic effect. Section VI covers the experimental results and section
VII concludes the paper.

II. SENSOR
Fig. 1 provides an overview of a typical fiber-optic force sensor. The light source emits light
via the optical cable to the force sensor. At the same time, there is an optical cable at the
receiving end to transmit the light back into the control room, where all the non-MRI
compatible equipment is stored. Electrical wires, which act as antennas and pick up RF
signals and corrupt the image quality, are thus eliminated in the MRI room.

The fundamental principle to obtain the displacement of the elastic frame structure is by
measuring the change in light intensity. There are five general sensing principles to obtain
the displacement as summarized by Hirose and Yoneda [7]. The underlying sensing
principle that is adopted in this paper is the reflective intensity method proposed by
Puangmali et al. [14]–[16]. Similar reflected light intensity measurement have been used by
Gassert et al. [17], [18]. This section introduces the adopted sensing principle, followed by
the design of the sensor using topology optimization techniques.

A. Sensing Principle
The sensing principle used in our prototype is the reflective intensity principle, which is
illustrated in Fig. 1. There is a pair of optical fiber cables with their tip rigidly placed at an
angle, α, and a distance, a, apart. The core diameter of the optical cable is d. A reflector, on
an elastic frame structure, is placed at a distance, h, away from the optical cables.

Light is generated and transmitted from the control room via the optical fiber cable and
projected onto the reflector. The receiving optical cable picks up the reflected light and
transmits them back to the control room. The photo sensor senses the light intensity and the
opto-electronic circuitry converts the intensity into appropriate voltage signal.

A force on the loading point will cause a deformation in the elastic frame structure, resulting
in a displacement in the reflector and a change in the intensity of the reflected light. Hence,
by monitoring the reflected light intensity, the force can be computed.

The parameters shown in Fig. 1, especially the angle between the two cables α, greatly
influence the sensing fidelity. It has been proven in [14] that the angle α determines the
range and sensing sensitivity. A theoretical mathematical model and an in-depth analysis of
this sensing technique has been presented by Puangmali et al. [14], [15].
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B. Sensor Design
Design specifications—The intended application of this sensor is for a manipulator
designed for radiofrequency ablation of tumors under continuous MRI [4], [5]. A needle
driver is currently being developed and will be placed through the force sensor.
Furthermore, the needle will be continuously tracked as it is advanced towards the target
lesion in the breast and hence the force sensor and the needle will be continuously imaged.
As the biopsy and RFA procedures will be performed under the guidance of continuous
MRI, the MRI bore and breast coil imposes a space contstraint. Due to the space constraint,
it is intended that the sensor will be placed near the surface of the breast. Hence, it is desired
that there is a space through the middle of the sensor through which the needle driver can be
mounted. The desired design specifications are listed as follows:

• Measurement axes are decoupled as much as possible,

• Maximize input-output displacement amplification,

• Include a through space at the center for instruments like a needle driver, and

• Attach all the cables onto the same sensor’s face to lower the chances of the cables
interfering with the robotic system during motion, and also the chances of the
cables being entangled.

Design—To ensure that the force measurements along the three principal directions are
decoupled, it is important to design the sensor geometry that will enable motion along the
principal direction of application of force while ensuring that no motion takes places in the
other two principal directions. Fig. 2 shows the design of our sensor. It consists of 3
prismatic joints placed along 3 mutually orthogonal axes in series. Two elastic frame
structures are attached to each prismatic joint. The purpose of these elastic frame structures
are: 1) to provide the spring stiffness, 2) to provide an input-output displacement gain, and
3) to change the direction of displacement to allow all the fiber-optical cables to be
connected from the bottom (see design specification above). The design of these elastic
frame structures is a challenging task. Hence, a topology optimization method is presented
in the next section.

III. DESIGN OF ELASTIC FRAME STRUCTURE USING TOPOLOGY
OPTIMIZATION

A normal process of developing the elastic frame structure usually starts with the designing
of the mechanism, followed by simulations using methods like finite element analysis (FEA)
before building the prototype. The initial design phase is often the most challenging and
depends greatly on experience and creativity. In this paper, a topology optimization
technique for compliant mechanisms based on the methodology in [19] is used to present a
systematic way of designing the required mechanisms.

A. Topology Optimization
Topology optimization of compliant mechanisms has been developed over the past 15 years
[19]–[23]. A comparative study of the various methods and problems has been presented by
Deepak et al. [21].

The resolution of the force sensor is dependent on the output displacement. Given a fixed
range of input load to be sensed, the resolution of the force sensor improves as the range of
output displacement increases. In addition, it is desired that the stiffness experienced by the
input is high, since a high stiffness will result in smaller displacement at the input port, and
also larger bandwidth.
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A continuum can be approximated using finite element method and the element used in this
paper is frames (which are similar to beams, except that axial loads and axial deformations
are included) with design variables, x, as the out-of-plane width of each frame. In this paper,
x, are initialized to be 2 mm.

First, consider an arbitrary design domain with known loading and boundary conditions as
illustrated in Fig. 3, where Fin is the input force, and Δout is the output displacement. The
method used to solve this problem is the unit dummy load method. Hence, the discretized
displacement field, U, due to the input force, Fin, is given by:

(1)

where F is the input force vector, and K is the structure stiffness matrix. Similarly, the
displacement field, V, due to the unit dummy load can be obtained using:

(2)

where Fd is the dummy load force vector. The mutual potential energy, MPE is obtained by:

(3)

Since unit dummy load method is used, the output displacement, Δout can be obtained by:

(4)

The output displacement and mutual potential energy has the same numerical value because
the dummy load used is 1 N (unit dummy load method). The strain energy, SE, stored can
also be computed as:

(5)

The objective function proposed by Frecker et al. [24] is used in this paper to maximize the
ratio of output and input displacement and is given by:

(6)

A design can be obtained by minimizing the objective function (6).

B. Ensuring linkage between input and output
Due to the limitation of manufacturing technology, there is a minimum required thickness of
the frame elements for fabrication. In a number of cases, the optimization algorithm tends to
produce a design that has very thin frame elements which ultimately breaks the continuity
between input and output. Furthermore, some of these extremely thin frame elements are
also not practically realizable due to machining constraints.

Approaches like filtered distortion energy approach and restrained local, relative rotation
approach have been proposed to obtain a distributed compliant mechanisms for 4 nodes
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quad elements [20]. In this paper, frame elements are used and the two above-mentioned
approaches cannot be applied directly. Hence, a solution to this problem is proposed in
paper.

The general idea of the proposed method is to ensure that there are 0, 2, or more frames
(with width large enough for fabrication) at the more critical nodes. In this paper, the more
crucial nodes are chosen to be the nodes with 8 elements connecting to it. A filter function to
differentiate frames that meet the required minimum width, is proposed as:

(7)

where xj is the width, P is an arbitrary large number (1012), and C is the minimum thickness
needed. C is set to be 2.5 mm for our prototype. This filter function will output a value of 0
for frames whose width is smaller than C and 1 for width greater than C. Any frame’s
thickness that is less than C is treated as non-existent during the fabrication of the elastic
frame structure.

Next, the following constraint is imposed in the optimization algorithm for all the critical
nodes:

(8)

where c0 is set to 0.5 and n is the total number of critical nodes. It is not advisable to choose
all the nodes as critical nodes as this will significantly increase the number of constraints, in
turn affecting the optimization result. Hence, only nodes with 8 elements are chosen as the
critical nodes. The purpose of these constraints is to greatly penalize when only 1 frame is
attached to the critical node.

C. Design output from the algorithm
In this force sensor, two types of mechanism are required. The first required mechanism is
needed to perform motion amplification between the input and output displacement while
the second one is needed to use the horizontal input force to realize a vertical displacement.

Fig. 3 shows the boundary condition for the first mechanism. It is desired that the vertical
input force creates a displacement in the vertical direction. To reduce the number of design
variables, symmetry is used and hence only one half of the entire elastic frame structure is
considered as shown in Fig. 3. The two nodes on the left boundary are only allowed to slide
along the vertical direction as shown in Fig. 3. Using Matlab to solve the first optimization
problem, the output design is shown in Fig. 4 based on topology optimization.

With regards to the second mechanism, it is desired to use the horizontal input force to
realize a vertical displacement. Using symmetry, Fig. 5(a) shows the boundary and loading
conditions and Fig. 5(b) shows the design output from topology optimization. Although the
reflector will rotate when loaded, the amount of rotation is small and the rotation is only
about one axis. In addition, this rotation is only dependent on the load along that axis.

As seen in Fig. 2, the design of the sensor consists of three prismatic joints placed along
three mutually orthogonal axes in series. These prismatic joints only have one degree of
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freedom and they will provide a reaction force if a force is applied in a direction other than
the allowable direction of motion of this joint. Hence, maximizing the transverse rigidity is
not needed to be taken into account in the optimization problem. Consequently, any
moments that are applied about the three mutually orthogonal axes are naturally resisted by
the kinematic structure of the mechanism.

D. Modifications
Based on the output designs from the two optimization problems, the first prototype of the
3-DOF force sensor was fabricated [25]. Fig. 6 shows a photo of the force sensor with its
dimensions, and table I summmarizes its performance. Since the size of the first prototype is
large, it was desired to reduce the volume by about 75% for our target application.

To reduce the size of the force sensor, some modifications to the design of the elastic frame
structures have to be made. There are three primary modification steps to achieve size
reduction of the sensor:

1. Remove certain links to weaken the elastic structure as desired,

2. Remove redundant links, and

3. Fill up all the rigid regions with material.

As the dimension of the elastic structure is made smaller, the moment acting on the frame
elements will decrease significantly. In order to maintain the same output displacement
given the same load, some modifications are needed. Hence, the first step is to remove
certain links to make the elastic frame structure weaker. This is the only step that requires
some knowledge or experience. If the designer has no knowledge or experience in working
with flexure mechanisms, the designer should still be able to achieve this step through trial
and error and simulating the output. Next, certain frames are redundant and can be removed
as they will not affect the elastic frame structure. Finally, all the regions which are supposed
to be rigid are filled with material. The reason for these two steps is to reduce the amount of
cutting needed (and hence cost) if electrical discharge machining (EDM) is used to fabricate
this elastic frame structure from metal.

Fig. 7 illustrates the steps to obtain the modified design from the first mechanism realized
from the first topology optimization problem. With regards to the second mechanism, only
the first step is needed because there is no redundant frame or rigid region to fill. Fig. 8
shows the modified design from Fig. 5(b).

IV. PROTOTYPE
Fig. 9 shows a photo of the final prototype of the fiber-optic based MRI compatible 3-DOF
force sensor. The casings are fabricated from Delrin® while the elastic frame structures are
made from ABS. Delrin® is selected for the casing because of its relative high strength and
Young Modulus, while ABS is chosen for the elastic frame structures because of the rapid
prototyping (RP) machine used.

To save time, cost and allow complexity in the design, the elastic frame structure is built
using a rapid prototyping (RP) machine. RP machines can build complicated designs which
may be difficult or impossible to realize by conventional machining techniques. In addition,
plastic is the preferred material for MRI and it is a challenge to fabricate thin plastic flexure
joints using conventional machining. Finally, rapid prototyping machines enable us to build
the parts rapidly and are ready for use in 1–2 days.
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A fused deposition modeling (FDM) machine, which is classified as solid-based, is used to
build the elastic frame structure. The heated head deposits plastic (ABS for this prototype) in
a paste-like form layer by layer. The resolution of the FDM machine was 0.245mm. More
details about RP machines can be found in [26]. In each layer, the extrusion head deposits
the outline of the prototype first. Due to the cohesive forces, all the corners are naturally
rounded. This small radius will help to reduce the stress concentration. The radius of the
corner do affect the deformation of the elastic frame structure, but the exact value of the
radius is not known. Hence, phenomena modeling to model the hysteretic effect using play
operators as well as linearize the inherently nonlinear behavior of the sensor is used in this
paper and discussed in the following section. As the sensor will be near the surface of the
breast, and not inserted into the breast, it may not need to be sterilized to the same level like
other surgical tools. We also envision making a single use disposable sensor using EDM at a
reasonable cost which is on par with other medical supplies cost in such procedures.

As seen in Fig. 9, all the optical cables are placed on the same face of the force sensor. This
will lower the chances of the optical cables obstructing the robotic system when the
manipulator is moving, and also the chances of the cables getting entangled. The optical
fiber cable selected in this prototype is FU-77 (manufactured by Keyence, NJ, USA), which
has a core diameter of 1.13 mm. The photosensor in our prototype is also from Keyence and
the model is FS-V31M.

V. CALIBRATION
When a force is exerted on the force sensor, the matrix, A, is multiplied to the force to
obtain the individual forces imparted onto the individual elastic frame structure. Each of
these forces is then passed through the individual structure’s hysteretic effect (Ω) to obtain
the voltage as illustrated in Fig. 10. To estimate the load from voltage measurements, the
voltage measurements are first passed through the inverse hysteretic model of each
individual elastic frame structure. The output vector is then pre-multiplied by B, which is
ideally the inverse of A, to obtain the applied load information.

A. Modeling of the hysteretic effect
Plastic materials, while ideal for MRI imaging, are known for their hysteretic force-
deformation characteristic. It is proposed in this paper that the Prandtl-Ishlinskii (PI) play
operator be used to model this hysteretic effect. The PI operator has been commonly used in
controlling hysteretic plants and an in-depth explanation is available in [27]–[29].

Play Operators—The play operator in the PI hysteresis model, commonly used to model
the backlash between gears, is defined by:

(9)

where L is the input load to the elastic frame structure, v is the voltage reading from
photosensor, r is the threshold value or the magnitude of the backlash, T is the sampling
period and i represents the respective elastic frame structure. Fig. 11(a) illustrates how the
play operator behaves.

The initial Condition of (9) is given by:

(10)
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where vi0 is a real number which is usually initialized to 0. To change the gradient, a weight
value wh is multiplied to the play operator Hr. By summing a number of such operators with
different threshold values and weights, a hysteresis model is obtained:

(11)

where  is the weight vector,

, threshold vector r ⃗ = [r0 … rn]T (where
rn > … > r0, r0 = 0), and the initial state vector is v⃗i0 = [vi00 … vi0n ]T. Fig. 11(b) shows the
effect when 4 play operators with different threshold values are summed up.

A summarization of play operators with different threshold values is used to perform the
phenomena modeling. These play operators are piecewise linear functions, with their
gradient determined by the weights of the operator, and hence, factors like hysteresis and
friction can be modeled accurately up to a certain extent.

Inverse Parameters—The inverse PI model is commonly expressed using the stop
operators. Kuhnen [27] showed that the inverse PI model can be expressed by PI play
operators too. Thus, the inverse of the PI model can also be expressed as:

(12)

The inverse model parameters can be calculated by:

(13)

B. Calibration Matrix
As the three prismatic joints are placed along three mutually orthogonal axes, the ideal value
of matrix A is an identity matrix. However, due to errors in manufacturing for example,
matrix A is not an identity matrix. The real value of matrix A is unknown, and hence, matrix
B, which is ideally the inverse of matrix A, is obtained through experiments to account for
the imperfection. Two sets (training and testing) of data are obtained. Applying least squares
errors to the training set, the matrix B is obtained as:

(14)

The strength of the diagonal values of matrix B determines the separation capability of the
different axes onto the different measurements channels. In this prototype, the diagonal
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values of B are significantly larger than the off-diagonal terms in the matrix, and this
indicates a relatively strong decoupled effect. In most papers, a parallel mechanism is used,
and the measurement axes are coupled and a few components of the off-diagonal terms are
relatively larger.

VI. EXPERIMENTS
Experiments are conducted to evaluate the performance of the force sensor and also to check
its MRI compatibility.

A. Experiment Setup
Fig. 12 shows the experiment setup to evaluate the fiber-optic force sensor. The fiber-optic
force sensor is connected to a commercially available force sensor (model: 20E12A-I25,
manufactured by JR3, Inc, CA, USA), which in turn is connected to a micromanipulator
(model: MP-285, manufactured by Sutter Instrument, CA, USA). The micromanipulator is
used to move and apply a force onto the 3-DOF fiber-optic force sensor prototype.

Based on the working principle of the fiber-optic force sensor, an external force applied on
the input port will generate a displacement in elastic frame structure and the intensity of the
reflected light will change. This change in the reflected light intensity is sensed, and
converted to analog voltage by FS-V31M photosensors.

B. Experimental Results
The MP-285 micromanipulator with the attached JR3 force sensor is used to apply a known
force along the three principal directions, namely x-, y- and z- axes. Two sets of experiments
are conducted, with the first being the training set for calibration and the second set for
evaluation of the force sensor. Fig. 13 shows the result from the testing set of the voltage
output from the photosensors. The dashed line in Fig. 13 is the model obtained from the
training set discussed in section V(A), and it can be seen that the test data fits the model
well. This indicates that the data obtained is repeatable and that the hysteresis model can be
used.

Fig. 14 shows the final result of the estimated force from the force sensor versus actual
loading on the force sensor. It can be seen that the sensor output is linearized along its
principal directions as expected from analysis. The main factor that is limiting the
performance of this prototype is friction. Friction is the contributing factor for the very
gentle gradient after each change in application direction and its inverse is a very steep
gradient, thus making the sensor’s output sensitive to noise. The dotted lines in Fig. 14
represents the range of friction, which is approximately 0.7 N. It can be seen that most of the
errors are within this range and the performance of the sensor can be improved significantly
if friction is minimized in our design. Table II summarizes the result.

C. Magnetic Resonance Imaging
Safety is crucial in MR environment and should be considered seriously. Fortunately, all the
materials used for this prototype are plastic, and hence are safe to be used in the MR
environment. Images of the force sensor are also taken in the MRI to illustrate that no
artifacts are formed in the images. The force sensor is placed inside a cylinder filled with
water (which acts as the phantom) to provide the contrast for imaging. Fig. 15(a) shows one
of the images taken when the force sensor is placed in the MRI. The white portion area in
Fig. 15(a) indicates water. Clear edges of the force sensor can be seen in the image which
demonstrates that no artifact is created. To determine the degree of MRI-compatibility,
signal-to-noise ratio (SNR), defined as the ratio of the mean pixel value of the signal to the
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standard deviation of the pixel value of the background noise, is used. A spin-echo T2-
weighted image (TE/TR=71ms/2760ms) with an in-plane pixel resolution of
0.625×0.625mm and slice thickness of 3mm is used to obtain the SNR information. The
regions of interest (ROI), for both the signal and noise, used to calculate the SNR are shown
in Fig. 15(a). The SNR is calculated to be 144 for this figure. Fig. 15(b) shows a slice of the
side view of the force sensor, in which the elastic frame structure and optical cables can be
clearly seen without creating any image artifacts.

A phase mapping that is sensitive to magnetic field in-homogeneity is also taken and is
shown in Fig. 15(c). Minimum (or negilible) phase differences are seen in the phase
mapping image (Fig. 15(c)) which shows that little or negligible magnetic field distortion is
created by the force sensor. Hence, the use of this sensor in the MRI will not affect the
image quality during its use in interventional procedures.

VII. DISCUSSION
During our experiments, we initially noticed that signal interference along different axes was
present to some extent. An example is now shown in Fig. 16. When the sensor size gets
smaller, the placement of the optical cables between each measurement axes also gets closer.
The authors suspect that the light from each of the three sources was able to traverse through
the white Delrin material. This effect was removed when the intensity of the light source
was reduced (at the expense of the sensitivity).

Friction between the sliding pieces of the primstic joint is also determined to be the other
limiting factor in the performance of this prototype. Friction is the contributing factor for the
very gentle gradient after each change in application direction. The inverse of this gentle
gradient is a very steep gradient, resulting in the sensor’s output to be sensitive of noise. The
authors plan to reduce the friction with better fabrication technique and finishing.

Plastic materials, while ideal for MR imaging, have its disadvantages, namely its ability to
relax and settle down in its deformed shape, when permanently loaded. This will affect the
sensor readings. Hence, the authors envision building the elastic frame structures using
electrical discharge machining (EDM). Brass 360 alloy will be used, and this issue will be
eliminated. As the dimension of the elastic frame structures are thin and small, the artifacts
created should be small.

The proposed force sensor in this paper is designed for three axes force sensing. This is
achieved by placing three prismatic joints placed along three mutually orthogonal axes. The
design of the force sensor can be modified to include torque sensing by including revolute
and universal joints. However, the size of the force sensor might correspondingly increase if
torque sensing is included. In addition, the optimization criteria in this paper is to maximize
input/output displacement amplification. More performance criteria can be included in
future work depending on the requirements set by the application.

The desired force range for this sensor is presently 6N based on our prior work on needle
and soft-tissue interaction studies [30], and it can be easily increased according to the target
application. There is no overload protection presently. However, an overload protection can
be easily implemented into the design by introducing a stopper in the prismatic joints to
prevent the elastic frame structures from over-loading.

VIII. CONCLUSION
This paper presents an fiber-optic force sensor that can be used in MRI under continuous
imaging. There are generally two main phases in developing a usable fiber-optic force
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sensor, namely: 1) design of the elastic frame structure, and 2) calibration to estimate the
load from the photosensors’ voltage measurements. This paper has presented a systematic
way of using a topology optimization algorithm to design the elastic frame structure, and in
the process, a solution to ensure physical linkage between the input and output ports of the
mechanism is proposed. A calibration method using Prandtl-Ishlinskii play operator is also
proposed to account for the hysteretic behavior. A prototype of the force sensor was
developed and evaluated. MRI compatibility tests were also conducted which demonstrated
the feasibility of using this force sensor in the MRI environment without significant image
artifacts.
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Fig. 1.
Overview of a typical MRI-compatible fiber-optic force sensor using reflective intensity as
the sensing principle
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Fig. 2.
Exploded view of the 3-axis MRI-compatible fiber-optic force sensor
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Fig. 3.
Boundary and loading conditions for the first mechanism
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Fig. 4.
Mechanism realized from topology optimization algorithm for condition shown in Fig. 3
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Fig. 5.
Boundary conditions and results for the second mechanism
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Fig. 6.
First prototype of the 3-DOF MRI compatible force sensor
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Fig. 7.
Steps to obtain the modified design from the first mechanism realized from the first
topology optimization problem
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Fig. 8.
Modified design from Fig. 5(b)
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Fig. 9.
Final prototype of the 3-DOF MRI compatible fiber-optic force sensor
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Fig. 10.
Estimation of external load through sensors’ output
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Fig. 11.
Prandtl-Ishlinskii hysteresis model
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Fig. 12.
Experiment setup for calibrating the 3-DOF fiber optic force sensor
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Fig. 13.
Photosensor output voltage vs. applied load along the three principal axes, namely: 1) x-
axis, b) y-axis, and c) z-axis. The dash line in each graph is the hysteresis model obtained
from the training set described in section V(A).
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Fig. 14.
This figure shows the sensor output vs. input load along the three principal axes. The dotted
lines indicate the range of friction, which is approximately 0.7 N. The sensor performance is
linear along the principal directions as expected from analysis.
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Fig. 15.
Magnetic resonance imaging of the fiber-optic force sensor
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Fig. 16.
Observed interference when the light intensity is high
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TABLE I

EXPERIMENTAL RESULTS

direction of loading xRMS-error yRMS-error zRMS-error

x-axis 0.469 0.476 0.664

y-axis 0.557 0.686 0.782

z-axis 0.295 0.233 0.486

This table summarizes the RMS errors of the first prototype. All the readings are in N.
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TABLE II

EXPERIMENTAL RESULTS

direction of loading x-axis y-axis z-axis

xRMS-error 0.233 0.483 0.454

yRMS-error 0.603 0.525 0.274

zRMS-error 0.446 0.307 0.454

resoultion1 3 (mV)

bandwidth2 25 (Hz)

max. allowable load 6.0 (N)

This table summarizes the RMS errors of the sensor when a force is applied along the three principal axes. All the readings are in N unless
specified otherwise.

1
This is the resolution from the sensors’ output after passing through a low pass filter with cut-off frequency of 25Hz.

2
The bandwidth is limited by the low pass filter, whose cut-off frequency is set to be 25Hz.
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