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Abstract—Magnetic Resonance Imaging (MRI) provides both
anatomical imaging with excellent soft tissue contrast and func-
tional MRI imaging (fMRI) of physiological parameters. The
last two decades have witnessed the manifestation of increased
interest in MRI-guided minimally invasive intervention proce-
dures and fMRI for rehabilitation and neuroscience research.
Accompanying the aspiration to utilize MRI to provide imaging
feedback during interventions and brain activity for neuroscience
study, there is an accumulated effort to utilize force sensors com-
patible with the MRI environment to meet the growing demand of
these procedures, with the goal of enhanced interventional safety
and accuracy, improved efficacy and rehabilitation outcome.
This paper summarizes the fundamental principles, the state of
the art development and challenges of fiber optic force sensors
for MRI-guided interventions and rehabilitation. It provides an
overview of MRI-compatible fiber optic force sensors based on
different sensing principles, including light intensity modulation,
wavelength modulation, and phase modulation. Extensive design
prototypes are reviewed to illustrate the detailed implementation
of these principles. Advantages and disadvantages of the sensor
designs are compared and analyzed. A perspective on the future
development of fiber optic sensors is also presented which
may have additional broad clinical applications. Future surgical
interventions or rehabilitation will rely on intelligent force sensors
to provide situational awareness to augment or complement
human perception in these procedures.

Index Terms—Fiber optic sensor, Fabry-Perot interferometer
(FPI), fiber Bragg grating (FBG), haptics, image-guided interven-
tions, percutaneous interventions, rehabilitation, neuroscience,
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I. INTRODUCTION

The last two decades have witnessed increased interest
in MRI-guided minimally invasive interventional procedures
and functional MRI (fMRI)-guided rehabilitation [1]. MRI is
characterized by excellent soft tissue contrast, high spatial
resolution, the use of non-ionizing radiation, and image-
based tracking and guidance. Thus there is a natural clinical
aspiration to use live MRI to monitor, feedback, guide, and
control interventions.

During MRI-guided minimally invasive interventions, force
sensing may provide important feedback that may theoret-
ically increase the safety or accuracy of these procedures,
although speculative. First, the interaction forces between
the interventional tools (e.g. catheters, guide wires, needles)
and the surrounding tissue provide important intraprocedural
feedback to physicians. But these forces are typically indirectly
measured from the proximal portion of the tools, making
it less accurate and with slower response. Force sensing of
the tools may be important to enable real-time monitoring
and closed loop control of the procedure (i.e. controlling the
ablation process with a fiber optic force sensor at the tip
of the ablation catheter [2] to measure the contact forces).
Second, besides direct intra-procedural monitoring, it is well-
recognized that force feedback in certain minimally invasive
interventions can potentially reduce errors, decrease operation
times, as well as enhance psychomotor skill acquisition during
training [3]. Third, since the imaging update rate of MRI is
relatively low (typically less than 2-5 Hz), force sensors are
ideal to provide high bandwidth interventional information.
Fourth, relying purely on visual cues from imaging (without
closing the loop) has been shown to saturate cognitive load
[4]. Fifth, force sensing is particularly useful for robot-assisted
procedures, where practitioners lose the tactile perception of
the interventional procedure, which can provide additional
feedback on device location within dynamic deformation of
specific tissue planes.

In neuroscience and rehabilitation using functional MRI
(fMRI) to study human motor control, force sensors are
typically integrated with a haptic device that displays tactile
sensation to the user to stimulate human’s sensory-motor
systems. These sensors provide repeatable experimental con-
ditions to facilitate the investigation of the relation between
human cognition and behavior. The applications range from
the fMRI-compatible wrist robotic interface with fiber optic
position sensor to study brain development in neonates [5] and
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adults [6], to the investigation of hand precision grip control
with a cable-driven fMRI-compatible haptic interface using
fiber optic force sensors [7]. The sensing range and resolution
of both sensors were optimized for the specific application
and could readily be designed for other sensing range or
resolutions (different flexure geometry or materials, detector
sensitivity, etc).

With the prevalence of MRI-guided intervention and reha-
bilitation research and the prominence of fiber optic sensors
(including force, torque and pressure sensors), fiber optic force
sensing for MRI-guided procedures is a multidisciplinary area
that aims to make both the interventions and rehabilitation
smarter, safer and more efficient. About one decade ago,
Tsekos et al. [1] reviewed sensors, actuators and robotic
systems for MRI-guided interventions and rehabilitation. In
2008, Gassert et al. [8] introduced several versions of in-
tensity based fiber optic force sensors and flexure design
methodology. In 2010, Polygerinos et al. [9] reviewed fiber
optic force sensors for cardiac catheterization procedures.
Taffoni et al. [10] reviewed fiber optic sensors for general
MRI applications. In this paper, we provide a comprehensive
overview of MRI-compatible fiber optic force sensors and
the state of the art development. By focusing on force sen-
sors, we introduce different sensing principles and compare
the advantages and disadvantages of each sensor for an in-
depth review and intuitive introduction for developers and
practitioners considering the addition of force feedback for
MRI interventions and rehabilitations. These basic principles
can be extended for fiber optic sensing of a plural of param-
eters beyond forces, including pressure, temperature, shape,
vibration [11], physiological parameters [12], textile based
wearable devices [13], [14], etc. Thanks to the temperature
sensing capability of fiber optic sensors, they have been used
for temperature monitoring during thermal treatments [15],
including radiofrequency ablation, laser ablation, microwave
ablation, high intensity focused ultrasound ablation, and cryo-
ablation. This is attributed to the attractive features of fiber
optic sensors, namely their flexibility, small size, accuracy,
sensitivity, and immunity to MRI and adverse electromagnetic
environments.

A search of the literature was conducted on six Internet
databases including Google Scholar, IEEE Xplore, PubMed,
ScienceDirect, Web of Science and Wiley Online Library. Two
groups of keywords were used in the literature search: group 1
(“fiber optic sensor” OR “fiber optic force sensor”) and group
2 (“MRI fiber optic force sensor” OR “MRI force sensor” OR
“MRI robot sensor”).

Since fiber optic sensing is inherently electric (at least at the
sensor tip with appropriate material selection), fiber optic force
sensors are one of the most feasible solutions to provide force
sensing in the MRI environments. Fiber optic sensors for MRI
environment applications consist of two subsystems: the opto-
electrical subsystem and the mechanical sensing subsystem.
The number of axes of a sensor is also referred as the sensing
degree of freedom (DOF) for the sensor.

Fig.1 illustrates one representative system setup by
Polygerinos et al. [16] that evaluated an intensity based fiber
optic sensor for cardiac catheterization procedure on a healthy

swine model. Fiber optic cables passed through the MRI
patch panel for communication between the sensor and signal
conditioning instrumentations that include amplifier and data
acquisition card. Alternatively, signal conditioning circuitry
can also be placed inside the MRI room with appropriate
shielding and electromechanical design of the sensor and
signal conditioning circuitry as in Su et al. [17].

724 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 58, NO. 3, MARCH 2011

Fig. 6. Sensor responses under variable amplitude and frequency conditions.
The sensor signal was compared with the output from a commercial six-axis
force sensor (ATI, Nano17).

calibration sets the resolution of the sensor at <0.01 N (<1 g of
force).

IV. DYNAMIC RESPONSE OF SENSOR

Next, the ability of the sensor to measure forces in a dynamic
environment was investigated. The catheter-tip force sensor was
subjected to an extreme scenario compared to beating heart con-
ditions with the application of axial forces of randomly varying
amplitude and frequency, ranging from 0 to 0.8 N and from 0 to
10 Hz, respectively. It is noted that during beating heart proce-
dures a catheter-tip sensor is highly unlikely to encounter such
high frequencies and force amplitudes. The predicted catheter
force signals were compared to those measured using a com-
mercial force sensor (ATI, Nano 17). The optical fiber sensor
measurements were found to be in relatively good agreement
with the forces obtained from the commercial force sensor for
a frequency up to 3 Hz (see Fig. 6). The dynamic performance
of the sensor presents limitations in high amplitudes of force
due to the increased mechanical friction between components
and the dynamic hysteretic effect of the rubber. Thus, based on
this experiment the resolution is decreased and the RMS error
is 0.0478 N (5.97% of total amplitude range).

V. In Vivo VALIDATION OF THE SENSOR

An in vivo experiment was conducted in a 40 kg pig (Skejby
Hospital, Aarhus, Denmark) under real-time MRI. The inten-
tion was to verify the MR-compatibility of both the sensor and
catheter and to examine the operation of the sensor prototype
inside a beating heart. Using visual feedback from an MRI scan-
ner (Philips, 1.5 T), a 7 Fr catheter integrated with the fiber-optic
force sensor was navigated into the heart of the pig. Inside its
right atrium, the physicians brought the catheter tip into contact
axially with the cardiac wall, mimicking an ablation procedure
(see Fig. 7). A typical sequence of the force signals obtained is
shown in Fig. 9, confirming that the sensor is able to measure
the contact forces.

During the procedure, the electronic circuitry for the force
sensor was kept outside the MRI room and the heart rate of
the pig was continually monitored. The associated optical fiber
cables and the heart beat monitor cables were allowed to pass
inside the MRI room from a small opening on the magnetically

Fig. 7. MR images obtained during an in vivo experiment that was conducted
in a healthy pig. The sensor and catheter shaft are MR-compatible and hence not
visible. A passive marker introduced at the tip of the catheter allows tracking of
the catheter tip. (a) Catheter tip (arrow) with the integrated force sensor on the
way to the heart. (b) Catheter tip (arrow) inside the right atrium and in contact
with the cardiac wall.

Fig. 8. Experimental in vivo setup. The optoelectronic equipment is placed
outside the MRI room. Communication with the MRI room and the force sensor
is achieved through a small opening on the magnetically shield wall where the
fibre cables are allowed to pass.

shielded wall. Fig. 8 shows the experimental setup where the
optical fiber cables, originating from the catheter device, reach
the fiber optic couplers outside the MRI room. In this way, the
photodiodes retrieve the light signals, from both the sensor and
its reference. Due to the increased drop in light intensity (more
than 40% of the transmitted signal is lost), mainly caused by
the length of the plastic optical fibers (which were 8 m long
in our experiment), the light signals are amplified and then
sent for further processing to a personal computer. It is noted
that when the catheter tip is in contact with the cardiac wall,
force variations due to heart wall movements can be observed.
The frequency of the periodic signal (see circle in Fig. 9) is
approximately 1 Hz which is equal to the heart rate of 60 b.p.m
as independently measured using a heart beat monitor. This gives
a good indication that the proposed force sensor is capable of
measuring forces within the heart. It is noted that even contacts
of the prototype sensor in akinetic regions of the heart can
provide an accurate force feedback. That feedback relates only

Fig. 1. One representative experimental setup for evaluation of an intensity
based fiber optic sensor for cardiac catheterization procedure on a healthy
swine model (Polygerinos et al. [16]). The optoelectronic equipment was
placed outside the MRI room. Fiber optic cables passed through the MRI
patch panel for communication between sensor and signal conditioning
instrumentations c©2011 IEEE. Signal conditioning circuitry can also be
placed inside the MRI room with appropriate shielding as in Su et al. [17].

A. MRI Safety, MRI-Compatibility Terminologies, and Com-
patibility Evaluation

The U.S. Food and Drug Administration (FDA) has defined
the standard to quantify MRI device safety following the
device classification (ASTM F2503) originally proposed by
the American Society for Testing and Materials (ASTM). As
shown in Table I, a device is considered “MR Safe” if it
poses no known hazards in any MRI environments. “MR
Conditional” is defined as an item that has been demonstrated
to pose no known hazards in a specified MRI environment
with specified conditions of use. These terms are about safety,
while neither imaging artifacts nor device functionality is
covered. Many devices are made “MRI visible” but have
widely differing artifacts (blossoming and other) within a 1.5T
vs a 3T strength environment.

The original “MR compatible” definition in 1997 is obso-
lete, but still used in the mechatronics and clinical communi-
ties. An MRI-compatible device should comply with the bidi-
rectional MRI compatibility requirement: neither the device
should disturb the scanner function and nor it should create
image artifacts and the scanner should not disturb the device.
The MRI system can affect the device functionality in different
ways. The strong magnetic field can generate torque/force to
the device, and disturb the functionality of active components.
Both the pulsed gradient and RF magnetic field could induce
an electrical current in the non-ferromagnetic conducting ma-
terials and electronics (like electrically active sensors).

Force sensors can potentially affect MRI imaging in two
aspects. From the material perspective, flexures made of fer-
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TABLE I
ASTM F2503 CLASSIFICATION FOR THE MRI ENVIRONMENT

Symbol Term Definition

MRI safe
an item that poses no known hazards in all MRI
environments. “MR safe” items include non-
conducting, non-metallic, non-magnetic items.

MRI 
conditional

an item that has been demonstrated to pose no
known hazards in a specified MRI environment
with specified conditions of use. Field conditions
that define the MRI environment include static
magnetic field strength, spatial gradient, dB/dt
(time varying magnetic fields), radio frequency
(RF) fields, and specific absorption rate (SAR).

MRI 
unsafe

an item that is known to pose hazards in all MRI
environments.

romagnetic materials cause heavy distortion to imaging. Non-
ferromagnetic conductors induce interference through mag-
netic field distortion and susceptibility. From the energetics
perspective, electricity (i.e. the electrical current inside a
strain gauge) excludes an MR-safe option, because electrical
current inevitably generates electromagnetic waves causing
imaging artifacts (stripes or dot type artifacts) due to the radio
frequency (RF) interference. Based on the definition of “MR
safe”, optical sensors are essentially the only type that can be
“MR safe”.

To quantitatively evaluate the effects of a device on the MR
image quality, two methods are typically used: 1) Signal-to-
Noise Ratio analysis based on the National Electrical Man-
ufacturers Association (NEMA) standard MS1-2008 [18] and
2) Geometric distortion analysis based on the NEMA standard
(MS2-2008) [19].

B. Design Requirements and Challenges

Besides the MRI related design constraints, fiber optic force
sensors for minimally invasive interventions and rehabilitation
exhibit special design challenges.

1) Sensor miniaturization: it is usually preferable to have
small footprint and dimension for the fiber optic force sensor,
so that it does not interfere with the instrument to which it is
attached.

2) Tool integrability: even the sensor is miniaturized to
an appropriate scale, sensor integration with the interven-
tional tool to maintain its functionality may be formidably
challenging. Taking laparoscopic minimally invasive surgery
as an example, the sensor and tool integration problem is
illustrated in [20], which shows four possible locations of
sensors. Sensors could be located at the tool tips, on the
tool shaft (inside or outside the patient body) or close to the
actuation mechanism. The closer to the force contact spot, the
higher fidelity would be, depending upon the clinical goals .

3) Sterilization and disposability : sterilization of sensorized
instrument is a practical and imperative design consideration
for successful clinical applications. Physical and chemical
sterilization are two major approaches for tool disinfection
[20]. Physical sterilization employs saturated steam to heat
the equipment up to 121oC at 103k Pa above the atmospheric

pressure. Chemical sterilization uses chemical agents (i.e.
hydrogen peroxide, ethylene oxide gas) and lower heat levels
while it requires more time to complete the process. Even
though fiber optic sensors are generally credited for better
survivability in hazardous environments, meticulous design
considerations are still required to ensure robustness and
durability.

C. Resistive Strain Gauge based Force Sensors in MRI Envi-
ronments

Besides fiber optic sensors, resistive strain gauge [20], [21],
one type of resistive sensing method, is the most popular
sensing approach which has been evaluated in early MRI
robotic systems. Sutherland et al. [22] reported a 3-degree-
of-freedom (DOF) force/torque transducer using load cells
on a titanium elastic probe. Khanicheh et al. [23] developed
a variable-resistance hand device incorporating an aluminum
strain gauge to investigate brain and motor performance during
rehabilitation after stroke using fMRI. Vanello et al. [24]
developed a glove made of a conductive elastomer with
piezo-resistive properties. Tse et al. [25] designed a biopsy
robot using off-the-shelf piezo-resistive sensor (FSS Sensor
Technics) to perform bilateral teleoperation in MRI. Kokes
et al. [26] utilized an industrial force sensor JR3 to perform
teleoperated needle insertion.

The MR environment makes the use of resistive strain
gauge-based sensing inside the MRI bore less viable than
fiber optic sensors (essentially optical strain gauges) due to
susceptibility to electrical noise and the requirement that
gauges must be placed a suitable distance away from the MR
field. A resistive strain gauge is one option for out of bore
applications inside the MRI room and Su et al. designed a
strain gauge based pneumatic haptic device [17]. Thus fiber
optic sensors are better options for inside bore or close to bore
applications.

II. BASICS OF FIBER OPTIC FORCE SENSING AND
FLEXURE DESIGN

In this section, we review the basics of fiber optics and the
related concepts for fiber optic force sensor design. We also
introduce an overview of the mechanical design of flexure
mechanisms for MRI applications.

A. Basics of Fiber Optics

Fibers are typically made of plastic or glass, with a high
refractive index core and a low refractive index cladding.
Light is confined in the coaxial waveguide of an optical fiber.
The core of the plastic fiber typically consists of one or
more acrylic-resin fibers 0.25 − 1 mm in diameter, encased
in a polyethylene sheath. They constitute the majority of
photoelectric sensors due to the light weight, cost effectiveness
and flexibility. The glass fiber, made from silicon dioxide (also
known as silica), typically consists of 10 − 100 µm diameter
cores with high refractive index.

Optical fibers can be categorized as multimode or single
mode, with the main difference being the core size and
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propagation of light. Multimode fibers typically have a larger
core compared to the cladding. Multimode fibers have large
numerical aperture and therefore collects light from different
angles to be coupled into fiber propagating mode. As a result,
it allows high-efficient coupling of the optical signal and the
use of spatially incoherent wide field light sources such as
light-emitting diodes (LEDs). However, in multimode fiber,
light travels in different modes and each mode corresponds
to a characteristic propagation speed. This phenomenon is
known as modal dispersion and poses a significant challenge
in the management of light pulses and the interpretation of
the measured optical signal. A single mode fiber typically has
a smaller core compared to multimode fiber, depending on
the operating wavelength. Due to the small diameter core of
the single mode fiber, only one propagation mode of the light
wave is supported in single mode fiber. Single mode fibers
have an extremely low loss, preserve coherence properties of
light, and therefore is one of the most widely used mediums
for long distance communication.

In terms of the sensing region, there are two major cate-
gories of fiber optic sensors. Intrinsic fiber optic sensors have
a sensing region within the fiber and light does not leave the
fiber. In extrinsic sensors, light has to leave the fiber and reach
the sensing region outside and then comes back to the fiber.
According to the optical modulation mechanism, fiber optic
sensors can be classified as intensity modulation, wavelength
modulation, and phase modulation.

B. Flexure Design

Flexure design is crucial for fiber optic sensors for MRI
applications, as the flexure mechanism needs to meet the stiff-
ness requirement to generate enough force sensing range while
being MRI-compatible. For intrinsic sensors, the flexure is the
internal structure of the fiber optic cable. For extrinsic sensors,
flexure design typically uses metals, plastics or polymers.
Generally, metals have better mechanical properties (higher
Young’s modulus and higher fatigue strength) than plastics
and polymers. However, plastic and polymers exhibit better
MRI compatibility.

As summarized by Gassert et al. [8], flexures for extrinsic
force sensors are kinematic joints typically consisting of
simple 1-DOF geometries as shown in Fig. 2 top row. Fig. 2
bottom row shows 2-DOF flexures made of 1-DOF geometries
with improved compactness.

The flexure stiffness requirements [8] are determined by
the force/torque range and the deflection range imposed by
the optical system. The measured signal is ideally linear
with respect to the flexure displacement. As demonstrated
by Gassert et al. [8], the response intensity of these optical
sensors as a function of the distance to the mirror (like the
mirror shown in Fig. 3 (a)) can be divided into two regions:
a linear region with high-sensitivity and a nonlinear region
with decreasing sensitivity. As a linear response is desired,
the sensor displacement should stay within the linear region
of the response curve. Mechanically, the flexure determines the
overall sensing bandwidth as the optical system typically has
a higher bandwidth than the mechanical system. Thus the first

Fig. 2. Top row: typical geometries of flexure design for 1-DOF fiber optic
force sensors (a) and 1-DOF fiber optic torque sensors (b-c). Bottom row:
typical geometries of flexure design for 2-DOF XY fiber optic force sensor.
(a) Two serially connected linear stages. (b) Shifting down the upper stage
for compactness. (c) Two U-shaped linear stages. The green shades indicate
the flexure joint structure. [8] c©2008 IEEE.

resonance frequency of the flexure dominates the measurement
frequency [8].

III. FIBER OPTIC FORCE SENSING PRINCIPLES

This section introduces the most common principles of
fiber optic sensors and their applications in MRI-guided inter-
ventions and rehabilitation research. Table II summarizes the
representative fiber optic sensors in the chronological order
with key features including MRI compatibility, sensing DOF,
dimension, sensing range and resolution, and applications.

A. Intensity Modulated Fiber Optic Force Sensor

Intensity modulated sensors rely on voltage or current
measurement due to force-induced change in intensity. Thus
it possesses the features of the simple design, low cost, and
easy signal interpretation. Thanks to these features, intensity
modulated sensors are relatively straightforward for building
up multiple DOF sensors and have the most applications
in robotics. Essentially, this measurement principle has two
variants: reflective and transmissive sensors as shown in Fig.
3 (a) and (b) respectively. The reflective sensors rely upon
light reflection [8], whereas transmissive sensors rely on light
emission and single or multiple receiver sensing fiber (dual or
quad elements) [27].

In 1990, Hirose and Yoneda [28] originally proposed to use
a quad photo sensor to monitor the relative twist and displace-
ment of flexure in a 6-DOF fiber optic force/torque sensor. A
recent development inside MRI started from Takahashi and
Tada [29], who developed a 6-DOF optical sensor using an
acrylic flexible structure as the sensing element and five optical
fibers as transduction element. This differential measurement
method is shown in Fig. 3 (b). One emitting fiber is attached
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(a) (b)

(c) (d)

(a)

(a) (b)

(c) (d)

(b)
Fig. 3. Different methods to implement intensity modulation based fiber optic
sensors. Reflective and transmissive are the two major styles. a) reflective fiber
optic sensor [8] c©2008 IEEE; b) transmissive fiber optic sensor [27] c©2004
IEEE.

  

  

  

   

(a) (b) 

(c) (d) 

Fig. 4. Single axis intensity modulated fiber optic force sensor. a) reflective
fiber optic sensor from ETH Zurich [30] to measure hand grip force during
fMRI. c©2005 IEEE; b) reflective fiber optic sensor from ETH Zurich [8] to
measure the grip force between the thumb and the index finger. c©2008 IEEE;
c) reflective fiber optic sensor made with 3D printing from Harvard University
for cardiac applications. [31] c©2010 IEEE; d) reflective fiber optic sensor
with parallel plate structure from Chuo University and Advanced Industrial
Science and Technology in Japan [32] c©2010 IEEE.

to the moving part and the four receiving fibers are arranged
as a bundle.

Fig. 4 illustrates four examples of single axis intensity based
fiber optic force sensors. In Fig. 4, (a) Riener et al. [30]
proposed a similar solution to the design by Takahashi et al.
[29], with differential measurement over one emitting and two
receiving fibers. In Fig. 4 (b), Gassert et al. [8] designed a
2-DOF force sensor made of aluminum to aid measurement
of the grip force between the thumb and the index finger
during rehabilitation inside MRI. In Fig. 4 (c), Kesner et al.
[31] developed an inexpensive force sensor with 3D printing
technique. In Fig. 4 (d), Tokuno et al [32] developed a uni-

axial optical force sensor. The sensor head component has
parallel plate structure and is made of glass fiber-reinforced
polyether ether ketone (PEEK) to reduce axial interference
and hysteresis characteristics of the plastic resin. However, the
emission lens, encoder lens, and reception lens significantly
increase the cost of this sensor.

Besides the aforementioned intensity modulated sensors
that are used for image-guided interventions, intensity based
fiber optic force sensor is also popular for rehabilitation and
neuroscience study. Allievi and Burdet et al. [5] from Imperial
College London designed and evaluated an fMRI-compatible
wrist robotic interface to study brain development in neonates.
Butzer and Gassert from Swiss Federal Institute of Technology
(ETH Zurich) [33] designed a haptic interface for grip control
study.

However, intensity modulated sensors typically suffer from
intensity fluctuation either due to light source instability, fiber
bending or fiber mismanagement. Another issue is that light
is required to exit the fiber causing optical loss. To overcome
these problems, Puangmali et al. [34] proposes to use bent
tip optical fiber to reduce light loss as shown in Fig. 3 (c).
Polygerinos et al. [16] as shown in Fig. 3 (d) proposed to use
reference fiber to compensate for transmission losses, fiber
misalignments, and fiber bending . Other methods include
inclined fiber pair [35] and a single optical fiber (the same
optical fiber transmits and receives the light) with an optical
coupler [36]. (a) (b)

(c) (d)(a)

(a) (b)

(c) (d)(b)
Fig. 5. Two methods to improve signal stability for intensity modulation
based fiber optic sensors. a) bent tip reflective fiber optic sensor [34] c©2010
IEEE; b) reflective fiber optic sensor using coupler [37] c©2013 IEEE.

These ideas have been incorporated into the design of multi-
ple axis sensors depicted in Fig. 6. In Fig. 6 (a), Tan et al. [35]
utilized inclined fiber pair and applied Prandtl-Ishlinskii play
operator to compensate hysteresis of plastic material. Since the
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constituent material is Acrylonitrile Butadiene Styrene (ABS)
with non-uniform mass distribution, the sensing accuracy is
still limited. In Fig. 6 (b), Polygerinos et al. [37] designed
a tri-axial catheter-tip force sensor for MRI-guided cardiac
procedures. Its structure is similar to the one by Peirs et
al. [36]. As shown in Fig. 6 (c), Su et el. [38] developed
a low-cost intensity modulated force sensor with a spherical
convex mirror to focus light and decrease light loss. In Fig.
6 (d), Puangmali et al. [39] proposed a bent-tip based fiber
optic sensor that is compatible with laparoscopic operations
and can be used to localize tissue lesions or relatively hard
nodules buried under an organ’s surface. Puangmali et al.
proposed a mathematical model of intensity-modulated bent-
tip optical fiber sensors [34], serving as a theoretical guideline
for intensity modulated sensor design. The group led by
Kaspar Althoefer and Hongbin Liu from the Kings College
London [40] have developed a 3-DOF intensity based sensor
using charge coupled device (CCD) cameras. It used image
processing to read out the forces by measuring light intensity.
Kalman filter technique was used to reduce the noise of the
light intensity signals.

  

  

  

   

(a) (b) 

(c) (d) 
(c)

Fig. 6. Three axis intensity modulated fiber optic force sensor. a) reflective
fiber optic sensor from University of Maryland for breast biopsy [41] c©2011
IEEE; b) reflective fiber optic sensor for cardiac interventions from Imperial
College [16] c©2011 IEEE; c) reflective fiber optic sensor for prostate biopsy
by Su et al. from Worcester Polytechnic Institute [38] c©2009 IEEE; d)
reflective fiber optic sensor for minimally invasive surgical palpation from
Imperial College [39] c©2012 IEEE.

B. Wavelength Modulated Fiber Optic Force Sensor

To achieve higher sensitivity, wavelength modulated sensors
provide better resolution than their intensity modulated coun-
terparts. The fiber Bragg grating (FBG), developed in 1978 by
Hill et al. [11], takes advantages of photo-sensitivity of Ge-
doped fiber and a periodic change of the refractive index in
the core region of an optical fiber.

If a fiber is strained from applied loads, then these gratings
will change accordingly and allow a different wavelength to

be reflected back from the fiber. The reflected wavelength shift
(Bragg wavelength λB) can be expressed [55] as a function of
the period of the grating Λ and the effective refractive index
ηeff as λB = 2Λ · ηeff . The wavelength shift change can be
expressed as

∆λB
λB

= kε · ε+ kT · ∆T

where kε is the coefficient for the strain ε and kT is the
coefficient for the temperature change ∆T . Calibrating the
sensing equipment to read the changes in reflective index
makes it possible to monitor temperature and strains by only
analyzing the specific wavelength of the light source being
reflected.

Endosense SA from Switzerland has developed TactiCath
Quartz ablation catheter [2] (now owned by St. Jude Medical
Inc., USA) as shown in Fig. 7 (a). The TactiCath catheter
is an FBG based force-sensing ablation tool that provides
physicians with real-time measurement of the contact force
between catheter tip and tissue during the ablation procedure to
treat atrial fibrillation (AF) respectively. Conventionally during
the transcatheter cardiac ablation, the physician estimates the
force being applied to the heart’s tissue. The contact pressure
acts as a surrogate and is proportional to the tissue volume that
can be ablated. Thus overestimate or underestimate of contact
force impacts ablation volume and could cause injury to the
tissue or insufficient ablation that does not resolve AF.

A non-optical ablation catheter (THERMOCOOL SMART-
TOUCH, Biosense Webster, Inc) has been developed to mea-
sure real-time catheter-tissue contact force during catheter
mapping and radiofrequency ablation.It uses a small spring
connecting the ablation tip electrode to the catheter shaft with
a magnetic transmitter and sensors to measure the deflection
of the spring. Both sensorized catheters have contact force
resolution less than 1 gram in bench testing [50].

Moerman et al. [48] from the Trinity College, Ireland
developed an FBG sensor that has high acquisition rate up
to 100 Hz bandwidth. This design is illustrated in Fig. 7 (b).
This sensor can sense force up to 15 Ne with a maximum
error of 0.043 N. This computer controlled indentor aiming
to provide highly repeatable tissue deformation was evaluated
with indentation tests on a silicone gel phantom and the upper
arm of a volunteer. Iordachita et al. [47], [56] at Johns Hopkins
University have developed different versions of FBG sensor for
retinal microsurgery, and Fig. 7 (c) and (d) show the 2-DOF
and 3-DOF FBG sensor respectively.

Saccomandi et al. [57] developed a 1-DOF MRI-compatible
force sensor for generic biomedical applications. They pre-
sented two prototypes. In one design configuration, the fiber
with the FBGs was encapsulated in a polydimethylsiloxane
(PDMS) sheet. In the second configuration, the fiber with
the FBGs was free without the employment of any polymeric
layer. Results show that the prototype which adopts the PDMS
sheet had a wider range of measurement (4200 mN vs. 250
mN) and good linearity, although it has lower sensitivity.

Monfaredi et al. [49] designed an MRI-compatible 2-DOF
force/torque sensor that measures ±20N axial force with 0.1
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TABLE II
FIBER OPTIC FORCE SENSORS WITH DIFFERENT SENSING PRINCIPLES: INTENSITY MODULATION, WAVELENGTH MODULATION (FIBER BRAGG GRATING
FBG) AND PHASE MODULATION(FABRY-PEROT INTERFEROMETER, FPI). NA IMPLIES THERE IS NO SPECIFICATION LISTED IN THE PAPER. AX MEANS

AXIAL, RA MEANS RADIAL. a. : AXIAL SENSING RANGE WAS 20N, THE RANGES OF THE OTHER 2 AXES WERE NOT AVAILABLE. b. THIS IS THE
DIMENSION OF THE FLEXURE.

Author Principle
(# of fibers)

MRI
compatible DOF Dimension:

OD/L (mm) Range Resolution Application

Hirose et al., 1995 [28] Intensity (6) No 6 76/40 980N 2.94N General
Takahashi et al., 2003 [29] Intensity (6) Yes 6 NA 20Na 0.3N Neuroscience
Peirs et al., 2004 [36] Intensity (3) No 3 5/11 2.5N (AX), 1.7N (RA) 0.01N Laparoscopy
Chapuis et al., 2004 [42] Intensity (2) Yes 1 NA 5Nm 0.07Nm Neuroscience
Tada et al., 2005 [43] Intensity (4) Yes 3 25/18 15N (AX), 8N (RA) 0.24N General
Tokuno et al., 2008 [32] Intensity (2) Yes 1 25/11 3N 0.048N General
Yokoyama et al., 2008 [2] FBG (3) Yes 3 3.5/NA 0.5N 10mN Cardiac ablation
Su et al., 2009 [38] Intensity (9) Yes 3 25/35 10N 0.3N Breast cancer
Iordachita et al., 2009 [44] FBG (3) Possible 2 0.5/NA 6.5mN 0.25mN Ophthalmology
Yip et al., 2010 [45] Intensity (2) Possible 1 5.5/12 4N 0.13N Cardiology
Su et al., 2011 [46] FPI (1) Yes 1 12×5×4b 10N 1mN Prostate cancer
Tan et al., 2011 [35] Intensity (6) Yes 3 49.5×48.3×50.8 7N 0.7N Breast cancer
Kesner et al., 2011 [31] Intensity (6) Possible 1 6/NA 10N 0.2N Cardiology
Polygerinos et al., 2011 [16] Intensity (4) Yes 1 3/18 0.85N 0.01N Cardiology
Puangmali et al., 2012 [34] Intensity (8) Yes 3 10 3N (AX), 1.5N (RA) 0.02N General
Liu et al., 2012 [47] FPI (3) Possible 3 0.5/NA 25mN 0.25mN General
Moerman et al., 2012 [48] FBG (3) Yes 1 45/NA 15N 0.043N General
Polygerinos et al., 2013 [37] Intensity (4) Yes 3 4/24.5 0.85N (AX), 0.45N (RA) 0.01N Cardiology
Monfaredi et al., 2013 [49] FBG (4) Yes 2 15/20 20N (AX), 200Nmm (AX) 0.1N/1Nmm Cardiology
Nakagawa et al., 2013 [50] Spring deflection No 3 3.5/NA 0.4N 10mN Cardiac ablation
Su et al., 2013 [17] FPI (1) Yes 1 50×25×3.5b 20N 1mN Prostate cancer
Elayaperumal et al., 2014 [51] FBG (3) Yes 3 1.02/NA ±0.5N 0.043N Surgical haptics
Turkseven et al., 2015 [52] Intensity (2) Yes 1 NA 7N NA Rehabilitation
Butzer et al., 2015 [33] Intensity (2) Yes 1 10×29.7×60 3N 0.01N Neuroscience
Qiu et al., 2016 [53] FPI (1) Possible 1 1.88/NA 1.2N 0.25mN Tissue mechanics
Noh et al., 2016 [40] Intensity (2) Yes 3 3.5/13 1N (AX), 0.5N (RA) 0.25mN Cardiology
Xu et al., 2016 [54] FBG (3) Yes 2 2/NA NA(AX), 1.57N (RA) 0.01N Continuum robot

(a) (b) 

(c) (d) 

Fig. 7. FBG fiber optic force sensors. a) FBG sensor TactiCath developed by
Endosense SA in collaboration with Stanford University for atrial fibrillation
[2] c©2008 American Heart Association; b) A soft tissue indentor with 1-
DOF FBG force sensing developed at Trinity College, Ireland [48] c©2012
Elsevier B.V.; c) 2-DOF FBG sensor for retinal microsurgery developed at
Johns Hopkins University [44] c©2009 Springer; d) 3-DOF FBG sensor for
retinal microsurgery developed at Johns Hopkins University [47], [56] c©2012
SPIE.

N resolution, and ±200 Nmm axial torque with 1 Nmm reso-
lution. This compact sensor (15 mm diameter, 20 mm height)
includes active element (bronze and brass) manufactured by
wire Electrical Discharge Machining (EDM) and then were

bonded with high strength plastic steel epoxy. The casings
were made of 3D printed ABS material.

The haptics group at the Stanford University led by Mark
Cutkosky has developed several iterations of FBG sensor for
needle shape sensing [55] and force sensing [51]. Elayape-
rumal et al. [51] designed a 3-DOF FBG force sensor to
measure the insertion force at the needle tip. They evaluated
the benefit of haptic feedback with an agar phantom with
membranes made of Shore 2A durometer silicone that mimics
the connective tissue layer in natural visceral membranes.
It was demonstrated that the success rate of the identifying
membrane was 75.0% with FG force feedback and 33.3% in
the case without haptic feedback.

A distinct feature of FBG sensors is its ability to perform
optical multiplexing, namely, the capability to measure strain
from multiple FBGs along a single fiber. Thus it is popular
for shape sensing of a curved instrument, and this has been
used for concentric tube robot shape sensing [58] and surgical
needles [59]. Xu et al. [54] led by Rajni Patel at the University
of Western Ontario designed a helically wrapped FBG sensor.
Three FBG sensors were embedded into a pre-curved Nitinol
tube (one type of continuum robots) to measure curvature,
torsion, and force sensing in continuum robots.

FBG sensors are attractive as they use fiber with small
diameter (e.g. 126 µm) and can be embedded into mm scale
instruments. Moreover, its multiplexing capability enables
multiple parameter sensing at different locations as demon-
strated in [54]. FBG sensors are sensitive to temperature, thus
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it requires temperature compensation. One key drawback of
FBG force sensors is the system cost and complicated system
setup. FBG typically requires both a costly optical source and
a spectral analysis equipment.

C. Phase Modulated Fiber Optic Force Sensors

Phase modulated fiber optic force sensing is based on
interferometry [60] that provides displacement sensing (thus
force sensing) through the measurement of a relative phase
shift between light beams. Light interferometers include two
beam configurations such as Michelson and Mach-Zehnder
interferometers and multiple beam configurations such as
Fabry-Perot interferometers.

Inside a Fabry-Perot strain sensor, light propagates between
a pair of partially reflective mirrors that form a Fabry-Perot
cavity. A portion of light exits and the rest remains inside
the cavity. Multiple beams with different optical path lengths
exiting the Fabry-Perot cavity are superimposed, generating
destructive and constructive interference that can be observed
in the spatial domain or spectral domain. The phase of
interference signal varies as the change in Fabry-Perot cavity
length denoted as δ. As shown in Fig. 8, Lcavity is the original
cavity length. For Fabry-Perot force sensors, δ is proportional
to the gauge length (the active sensing region, defined as
the distance between the end mirrors of the Fabry-Perot
cavity), and proportional to the force exerted. The returning
light interferes resulting in black and white bands known as
fringes caused by destructive and constructive interference.
The intensity of these fringes varies due to a change in the
optical path length related to a change in cavity length when
uni-axial force is applied. The sensing principle is shown in
Fig. 8 [46].

Mirrors

Fig. 8. The Fabry-Perot sensing principle and its light propagation in Fabry-
Perot cavity (a) and one type of implementation (b) [46] c©IEEE 2011.

This phenomenon can be quantified through the summation
of two waves [11]. By multiplying the complex conjugate and

applying Euler’s identity, we obtain the following equation of
reflected intensity at a given power for planar wave fronts:

I = A2
1 +A2

2 + 2A1A2cos(φ1 − φ2) (1)

with A1and A2 representing the amplitude coefficients of
the reflected signals. φ1 and φ2 are the light phases. The
above equation can be changed to represent only intensities
by substituting A2

i = Ii(i = 1, 2) and φ1 − φ2 = ∆φ as

I = I1 + I2 + 2
√
I1I2cos∆φ (2)

G L h 5 05Gage Length 5.05mm

Initial Air Gap 100.5μm Sensing Cavity 15.8μm Fusion Weld 130.6μm

Fig. 9. (Top) magnified FPI strain sensor with three segment dimension,
(bottom) example FPI configuration embedded in an ABS cantilever beam
and the inset shows the fiber with a cent [46] c©IEEE 2011.

Su et al. [17], [46] designed an FPI fiber optic strain
sensor utilizing a commercially available FPI strain gauge
(FOS-N-BA-C1-F1-M2-R1-ST, FISO Technologies, Canada)
for MRI-guided needle placement. As shown in Fig. 9, the
main component of the FPI is the sensing cavity, measuring
15.8µm wide. A glass capillary covering the sensing region is
fusion welded to the fiber in two locations and encapsulates
the sensor. There is an air gap of approximately 100.5 µm
wide. The total length of the FPI sensor, including the glass
capillary, and bare fiber is approximately 20mm.

Qiu et al. [53] designed and developed an FPI fiber optic
force sensor that enables in situ quantification of tissue elas-
ticity. The device (Fig. 10 (a)) allowed intraoperative char-
acterization of stiffness for tissue classification and surgical
guidance [61]–[63]. The optical signal from the force sensing
device was interrogated by a spectral domain OCT engine at
1.3 µm. Signal processing was implemented in real-time using
graphic processing unit (GPU).As shown in Fig. 10 (b), the
FP cavity for force sensing was integrated into the distal tip
of the probe. The miniature probe (qOCE probe) was used to
induce sample deformation through uniaxial compression and
the force exerted was quantified by measuring the phase shift
in optical signal due to probe shaft deformation (Fig. 10 (c)).
In addition, the optical signal from the sample under compres-
sion was also acquired and analyzed for sample deformation
tracking (Fig. 10 (d)). Through simultaneous quantification



1530-437X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2017.2654489, IEEE Sensors
Journal

9

of force/stress and sample deformation/strain, tissue elasticity
could be quantified using the stress-strain curve obtained (Fig.
10 (e)).

The advantages of FPI sensors include high sensitivity and
robust to a large range of temperature variation (−40◦∼250◦)
due to air gap insulation to the sensing region. FPI sensor by
Su et al. [17] is voltage measurement based and is relatively
low cost. But premium FPI sensors (i.e. [53]) could be very
costly due to the use of light source and detector. Individual
FPI instrument for force sensing needs calibration and may
require repeated calibration over time.

Fig. 10. Prototype and calibration of the quantitative optical coherence
elastography (qOCE) probe developed at the New Jersey Institute of Tech-
nology. (a) Photo of qOCE probe in comparison with a US quarter. (b) The
optical system of the qOCE system. (c) Results of force calibration show
FP cavity deforms proportionally to force exerted. (d) Calibration results
show displacement obtained from Doppler OCT signal is linearly related to
actual displacement. (e) Stress-strain curve obtained using qOCE measurement
(black) and calibration of strain-stress curve (red). [53] c©OSA publishing
2016

IV. DISCUSSION AND FUTURE PERSPECTIVES

This paper reviews the classification and principles of fiber
optic force sensors, the state of the art in optical sensing, ad-
vantages and disadvantages of each sensor, and their possible
clinical applications. Intensity modulation based force sensing
provides a simple and low-cost solution using voltage or
current measurement. Thus as shown in Table II, a majority of
fiber optic force sensors are intensity modulated. But typically
their sensitivity is relatively low. Fiber Bragg grating sensors
[54] provide a viable solution in terms of sensing accuracy,
multiplexing capability, and small fiber diameters. FBG sen-
sors are attractive as they use fibers with small diameters (e.g.
125 µm) and can be embedded into mm scale instruments.
However, the costly optical source, FBG fibers and spectral
analysis equipment present challenges for vast adoption of
this technology. FPI fiber optic sensor provides an amiable
solution for high-resolution force sensing that only relies on
simple interference pattern based voltage measurement [17].
Premium FPI sensors (i.e. [53]) could be costly due to the use
of special light source and detector.

Relying on fiber optic force sensors, future surgical inter-
ventions or rehabilitation will be able to provide situational
awareness to augment or complement human perception in
these procedures. Recently Wang et al. [64] proposed an
approach for using force-controlled exploration data to update

and register an a-priori virtual fixture geometry to a corre-
sponding deformed and displaced physical environment. Thus
future procedure will be safer and more intuitive thanks to the
force senors.

Future surgical interventions or rehabilitation will rely on
intelligent force sensors to provide situational awareness to
augment or complement human perception in these proce-
dures.

MRI-compatible fiber optic sensors can also be used in non-
MRI environments with the similar favorable advantages. The
light intensity based fiber optic sensors could be designed
with low cost and relatively high sensitivity. This has potential
applications in robotics research and industry, including force
control in assistive robots and optic load cells for assembly
and manufacturing, etc. Recently, optic sensing is being used
for soft robots as optics does not rely on rigid medium,
thus is ”soft” in nature. Park et al. [65] developed highly
stretchable optical sensors for pressure, strain, and curvature
measurement. The next generation of this sensor aimed to
use optical fibers to transmit and detect light through the
soft waveguide instead of directly embedding a light source
and a detector in the soft material. Optical fibers will allow
further minimization of the size of the sensor but also to
simplify the manufacturing process by removing multiple rigid
components, such as LEDs, and photodiodes. Zhao et al. [66]
designed stretchable waveguides to sense strain, bending and
pressure of a soft prosthetic hand to distinguish the surface
texture and stiffness of objects.

Beyond the fiber optic sensors for MRI environments, more
techniques for fiber optic sensing are emerging. Yan et al.
[67] demonstrated the feasibility of in vivo cancer detection
in real time during prostate biopsy by observing the force
patterns for tumor and normal tissue. Using a mechanical
model, Beekmans et al. [68] developed an FPI based fiber optic
sensor to measure the Young’s Modulus of the bovine liver
tissue embedded in gelatin and demonstrated its feasibility.
Philips Research in Netherlands [69] developed an optical
imaging using Diffuse Reflectance Spectroscopy (DRS) that
can distinguish different tissue types through a specific “op-
tical fingerprint”. It is expected that those emerging techniques
could further improve the efficacy of fiber optic force sensors
in image-guided interventions and rehabilitation research.

Fiber optic sensors have begun to demonstrate their func-
tionality and feasibility for certain interventions and rehabil-
itation, but it is expected that more systematic studies can
potentially validate and expand their clinical value.
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