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ABSTRACT

Optical fiber sensing has been widely used in in biomedical and soft robotics applications
due to the unique features such as small size, high sensitivity, flexibility, and immunity to
electromagnetic interference. Among various types of optical fiber sensors, fiber Bragg grating
(FBG) sensor has drawn lot of attention due to its unique advantages such as compact size, simple
fabrication process, and high sensitivity for various physical phenomenon.

In this thesis, several unique designs of FBG based sensors for biomedical and soft robotics
applications are presented to achieve multi-dimensional measurement. FBG based sensors with
different structures are used for sensing various physical parameters including contact force,
bending curvature, and shape. Furthermore, a new interrogation scheme for FBG sensor is

presented to simplify the measurement process of FBG as well as to enable real time sensing.
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CHAPTER 1

INTRODUCTION

During the past two decades, fiber optic sensing technology has been intensively developed
and widely applied in various of fields due to the fast growth of optical communications industries
and the mature fabrication process of different types of optical fiber. Instead of being used as the
data transmission medium in optical communications, optical fiber can also be used as the sensing
element to detect the changes in surrounding environment. The transmitted light is sensitive to the
physical parameters around the fiber, such as applied force, strain, pressure, temperature, or any
disturbances that change the physical property of optical fiber. By monitoring the changes of the
transmitted or reflected light in a proper design, corresponding measurement of one or multiple
physical parameters around the fiber can be achieved.

The unique features of optical fiber, such as small size, light-weight, low-cost, high
sensitivity, fast data transmission speed, long measurement distance, and immunity to
electromagnetic interference, making it a promising and advanced solution for many sensing
applications [1,2]. The diameter of a typical single mode optical fiber is only 125 um, which is
extremely small compared to electrical wires and components, making it possible for small-scale
applications with multiple sensing points. Since optical fiber is usually made of glass and light is
used to carry the sensing information, fiber optic sensors are usually resisting to harsh and extreme
environment such as high voltage, high temperature, high humidity, corrosive, and electro-

magnetic environments, where conventional electronics based sensors have limited performance.



In addition, since optical fibers are designed for high-speed and long-distance data transmission in
optical communications, a single fiber can serve both sensing and data transmitting. Thus, optical
fiber sensors are essential real-time sensors with short response time, and are also good for remote
sensing in a longer sensing distance. Due to these unique advantages over conventional sensors,
optical fiber sensor is becoming promising candidate for a variety of applications, especially in
biomedical and soft robotics applications.

Sensor plays an important role in biomedical engineering to detect all kinds of information
for medicine, biology, healthcare and safety purposes. Nowadays soft robots are becoming
increasing popular for biomedical treatment procedures, which are often inspired from biological
systems and consist of soft materials similar to those in living organisms. Compared to
conventional robots, soft robots have advantages such as safe human-machine interaction and
adaptability to wearable devices. At the meanwhile, they have higher requirements such as
flexibility, small size and extensibility for sensors. Real-time monitoring of the soft robots during
a biomedical treatment procedure is extremely important, contact force, pressure and movement
monitoring are usually necessary for safe operation. In recent decades, sensors for biomedical
applications and soft robotics are widely studied, electrical sensors are widely used in these areas.
However, these conventional electronics based sensors have limitations such as bulky system and
can be easily interfered by electromagnetic signals. For biomedical applications under magnetic
resonance imaging (MRI) environment or soft robots with compact and flexible structures,
electrical sensors usually have limited performance. Compared to electrical sensors, the unique
properties of fiber optic sensor make it a perfect candidate for both biomedical and soft robotic

applications.



There are mainly four categories of fiber optic sensors [3-5], including intensity-based
sensors, wavelength-varying sensors, polarization-modulating sensors and phase-modulating
sensors. Intensity-based sensors detect the changes in light intensity and correlate intensity
variation to change in external factors such as temperature and force. In this method, a movable
reflector or a cavity is needed for pressure, strain and distance sensing by inducing light intensity
change during reflection in the cavity. Wavelength-varying sensors map changes in wavelength or
frequency to external parameters such as strain and temperature. By measuring the wavelength
shift of a particular in-line structure, the change of external parameters can be quantitatively
analyzed. Fiber Bragg grating (FBG) is one of the wavelength-varying sensors. Polarization-
modulating sensors usually measure the rotations of the polarization states caused by Faraday
effect to detect magnetic fields or voltages. Phase-modulating sensors are based on two beam
interferometer or multi-beam interferometer. The interferometer used for sensors can be
constructed by Michelson interferometer, Mach-Zehnder interferometer, Fabry-Perot
interferometer and Ring interferometer. External pressure and force can be detected through these
interference based methods.

Among these various types of fiber optic sensors, FBG based sensor stands out from the
rest. Compared to other sensing schemes, FBG has relative low complexity, wide applicability,
small size, low cost, mature fabrication process, and easy for multiplexing. In this thesis, we mainly
focus on the use of FBG based sensors for contact force measurement in biomedical catheters as
well as curvature and shape measurement of irregular and flexible objects. The physical structure
of FBG and sensing principle of FBG based sensors are first introduced in Chapter 2. Then we
develop several FBG based contact force sensing approaches for mono-directional steerable

catheter, bi-directional steerable catheters and non-steerable catheters, as introduced in Chapter 3.



Standard FBG, FBG pair and spirally mounted FBG are embedded with the steerable catheters for
contact force measurement, temperature insensitive performance or temperature compensating
method are demonstrated. In Chapter 4, FBG based soft sensors for multi-dimensional curve
sensing and shape measurement in soft robotics applications are developed. Bending curvatures
and 3D shape of test objects are successfully measured. Furthermore, a soft stretchable sensor
which is capable of measuring multiple parameters is developed. Strain, torsion direction, and
bending curvature can be measured through the use of an off-center embedded FBG. Conclusions

and future work are discussed in Chapter 5 [6-9].



CHAPTER 2

FIBER BRAGG GRATING BASED FIBER OPTIC SENSORS

2.1 Introduction

FBG is a fiber optic in-line structure, it is written inside an optical fiber by constructing a
large number of high refractive index Bragg reflectors (gratings) within a short segment of optical
fiber [10]. The first FBG was reported by Hill et al. in 1978, since then it has been well studied
and widely used in a wide range of applications including optical communications, sensing, and
signal processing. Based on its working principle, FBG can be used for sensing directly by
measuring the wavelength change of the Bragg wavelength. The grating structure is sensitive to
the physical changes in the surround environment of the optical fiber, thus, these changes can be
correlated to the reflection wavelength of the FBG. This makes FBG capable of measuring a wide
range of parameters, including force, strain, pressure, temperature, etc., which are commonly
desired parameters in a number of fields. In general, the gratings are directly written in the core
area of an optical fiber. This makes FBG based sensor relatively simple, without any complex
structures as found in the polarization or interference based sensors. In addition, FBG based sensor
has the capability for easy multiplexing, that multiple FBGs (with same or different center
wavelengths) can be written along a single piece of optical fiber, which is good for multi-points,
multi-function, and remote sensing. Due to these features, among different types of optical fiber
sensing techniques, FBG based sensor is the most widely used technology in sensing applications

[11].



FBG can be fabricated mainly in two ways [12], the first one is based on two-beam
interference method. In this method, two overlapping ultraviolet (UV) light beams are made to
interfere to produce an interference pattern with different light intensity. A photosensitive optical
fiber is usually used to write the gratings. The refractive index of the photosensitive fiber changes
according to the intensity of light that it is exposed to. With the interference pattern, periodical
grating structure with specific period can be obtained. The second method is phase mask based
method. A phase mask is used as a diffractive optical element made by etching grating patterns on
fused silica substrates, UV light incidents normally to the phase mask and passes through, and is
diffracted by the periodic corrugations, creating an interference pattern [13]. Then corresponding
gratings can be written on to the photosensitive fiber. The fabrication process of FBG is relative
simple and becomes very mature nowadays, as a result, the fabrication cost of a standard FBG is

very low, which makes FBG a favored solution and becoming increasingly useful [14].

2.2 Mathematical Model of Fiber Bragg Gratings

FBG is a type of in-line distributed Bragg reflector constructed in a short segment inside
the core area of a single mode optical fiber, usually within 5 mm to 2 cm. The refractive index of
the gratings (ng) are higher than the fiber core (n¢), as shown in Figure 2.1. Thus, there is a
periodically refractive index variation in the fiber core area. For a standard single mode fiber, the

diameter of the core area is 8 pm, and the total diameter including the cladding area is 125 um.
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Figure 2.1. Schematic diagram of the fiber Bragg grating structure and the periodical refractive

index variation.

The incident light will be reflected or refracted through the grating planes, such that
different extends of interference occur at different wavelengths, resulting in either reflection or
transmission of that wavelength. At each grating plane, part of the light is refracted through the
grating while the other part is reflected backward. Since the reflected light from different gratings
have path differences, different amounts of interference are resulted at different wavelengths —
depending on the phase difference between each path. In the backward propagating light,
constructive interference is resulted only if the path difference is the integer multiple of the
wavelength (in-phase). The rest of light (out-of-phase) will be destructive interfered. In other
words, when the wavelength satisfies the condition shown in Eq. (2.1) [15,16], light at this
wavelength will be constructive interfered in the backward propagating direction and be reflected
back to the input port:

Js=2n4 (2.1)
where /g is the Bragg wavelength, n is the effective refractive index and 4 is the period of gratings.

Light at other wavelengths will be transmitted through the FBG.



As mentioned in the introduction, the periodical grating structure is extremely sensitive to
the surrounding environment. Strain along the FBG causes the Bragg grating wavelength shift
because a change in strain changes the grating period (4). A positive strain (stretching) results in
an increase in the Bragg wavelength, while a negative strain (compression) results in a decrease in
the Bragg wavelength. In addition, the temperature changes cause thermal expansion along the
fiber, and result in changes in the refractive index of the gratings and the optical fiber. The
relationship between Bragg wavelength and the change in strain and temperature is described by
Eq. (2.2),

Alg = [(1 — pe)e + (04 + on)AT] A8 (2.2)
where pe is the photo-elastic coefficient, a is the thermal expansion coefficient and an is the
thermo-optic coefficient. Due to the relationship between the strain/temperature and the Bragg
wavelength shift, strain and temperature are the two most commonly measured parameters of an
FBG based sensor.

Previous study shows for a typical silica fiber, the wavelength-temperature sensitivities of
an FBG sensor around 1550 nm is around 13 pm/°C. The photo-elastic coefficient pe is given by
Eq. (2.3):

Pe=n%/2[p12-v(p11 - p12)] (2.3)
where p11 and p12 are the components of fiber optic strain sensor and v is the Poisson’s ratio. For a
silica fiber, the wavelength-strain sensitivities of an FBG sensor at 1550 nm has been measured to
be around 1.15 pm/ue [17].

It is worth mentioning that since FBG is sensitive to both the strain and temperature, this
could become a significant limitation of FBG based sensors when both strain and temperature are

changing at the same time. Usually, a reference grating in the same sensing environment can be



sued to distinguish effect caused by strain and temperature [24], and many designs can be

implemented to build temperature insensitive sensors.
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Figure 2.2. Test setup of FBG based sensing systems. BBS: optical broadband source; OSA:

optical spectrum analyzer; FBG: fiber Bragg grating.

In a typical Bragg grating with an average refractive index no of fiber core. The refractive

index along the FBG can be expressed as

n(x)=n, +An cos(%) (2.4)

Where An is the amplitude of the induced refractive-index perturbation and x is the distance along
the fiber. The reflectivity of a grating with constant modulation amplitude and period is expressed

as

Q?sinh?(sl)
Ak?sinh?(sl) + S? cosh?(sl)
Where R(1,)) is the reflectivity governed by grating length 1 and wavelength A. Q is the coupling

R(l, 1) =

(2.5)

coefficient, Ak =k-m/A is the detuning wave vector, k=2mno/A is the propagation constant,

_ 102 2
S=VQ-AKT general expression for the approximate full width at half-maximum bandwidth

of a grating is as shown in following equation



M= g [0 + () 25)

Where N is the number of the gratings, o usually changes from 0.5 to about 1 when the reflection

ratio increase to 100%.

Figure 2.3. FBG based sensor for curvature measurement. (a) An FBG is embedded in a beam

without any bending. (b) Deformation on FBG when the beam is bended.

If an FBG is embedded in a beam with a certain thickness as shown in Fig. 2.3, the strain
gradient on the FBG caused by bending can be expressed by

e(X) =k(2x—1)sin(20) / 4 (2.7)
Where | is the grating length, x is different point of the grating. K is the curvature of the neutral

line and 0 is the angle between FBG and neutral line as shown in Fig. 2.3. Then, the effective

bandwidth of the grating can be expressed by

A = Ij&dx = A:klI(1-P,)sin(26)/2 (2.8)

As shown in equation 2.8, \(/)vhen the bending curvature increase, the effective bandwidth of

the chirped grating also increase. This feature can be used for curvature sensing in the following
chapters.

Using these equations, the reflection spectral response of a uniform Bragg grating can be

described. As the number of gratings (N) increase, the bandwidth will decrease, which means when

10



the grating period is fixed for a certain FBG, as the length of grating area increase, the reflection
spectrum bandwidth decrease. The refraction index change usually uniform along the FBG, the
value of the change is reduced when the grating length increase with a constant maximum grating
reflectivity. The bandwidth of the gratings decreased with an increasing length of the gratings.
And by increasing the grating length the FBG can construct a small bandwidths. However, the
environment can cause difference in grating period resulting in out-of-phase periods leading to a
broadening of Bragg grating. If the length of Bragg grating is fixed, the spectrum bandwidth
decrease when the reflectivity the reflectivity decrease (An decrease).

Chirp in Bragg grating structure also changes the spectrum shape. A chirped FBG is a
grating that has a varying grating period along the gratings. This can be achieved by varying either
the grating period or the refractive index of the fiber core. As chirp value increase, the reflectivity
response becomes broader and the reflection maximum decreases. These results are simulated and
proved in some study [19].

To obtain the spectral information and the Bragg wavelength of the FBG, a test setup for
FBG based sensors is shown in Figure 2.2. A broadband light source (BBS) is used as the light
source, which provides light over a wide range of wavelength around the Bragg wavelength of the
FBG. The BBS can be replaced with a tunable laser with fast wavelength sweeping range. An
optical spectrum analyzer (OSA) is used to obtain the reflection or transmission spectrum of the
FBG. Resolution of the OSA governs how accurate the change in Bragg wavelength can be
measured. An optical circulator is used to launch the light source into the FBG and direct either
the reflected light into the OSA for measurement. Optical spectra of the incident light, transmitted
light and reflected light are illustrated in Figure 2.2, usually the transmitted light and the reflected

light are complementary with each other. Furthermore, if two or more FBGs with different Bragg

11



wavelengths are connected in series, the reflected light from all the FBGs can be obtained through
one measurement in the OSA. Multiple FBGs with different Bragg wavelength can be used at the
same time by fusion splicing them together or writing them on the same fiber. This feature makes

FBG based sensor suitable for multi-points sensing [18].

2.3 Applications of Fiber Bragg Grating for Sensing

Over the past two decades, different FBG based sensing schemes have been reported to
achieve a variety of sensing functions. The most commonly used FBG based sensors are strain
sensor and temperature sensor [20-21]. Based on the working principle, Bragg wavelength has a
linear relationship with the applied strain and temperature. When the fiber is stretched or
compressed, the deformation leads to a change in the grating period and then results in a shift of
the Bragg wavelength. For FBG based temperature sensors, thermo-optic effect induces a variation
of the refraction index of silica. Also, there is a contribution from thermal expansion effect which
affect the grating period of FBG. FBG based strain and temperature sensors can be widely found
in civil engineering applications where FBG based strain sensors are used for continuous lifetime
health monitoring of bridges, dams, buildings and tunnels, and temperature sensors are used for
lifetime monitoring of electricity facilities such as high voltage switch cabinets.

Besides strain and temperature measurement, FBG is also a good candidate for pressure
sensing [22], chemical sensing [23] and accelerometer [24]. Usually, FBG based pressure sensors
use structures like a cavity filled with flexible materials and deformable bases with an FBG
embedded, the outside pressure can be transferred to the deformation of the FBG, then measured
through Bragg wavelength shift. For FBG based chemical sensors, special chemical layers or metal

layers are grown on a section of bare FBG, the chemical reactions in the surrounding solutions

12



will change the effective refractive index of the FBG. Thus, the characteristic of surrounding
solutions such as the density and composition, can be detected by measuring the Bragg wavelength
shift [25]. When FBG is used for building accelerometers, special structures such as a cantilever
shelving or an axial compliant mechanism scroll compressor can be used with the FBG to transfer
the acceleration to the stretch or compression on an FBG. In addition, due to its high tolerance to
harsh environment, FBG based sensors are also widely used for temperature monitoring of high
voltage switch cabinet, pressure monitoring in rocket fuel tanks, and long-term monitoring of the

operating conditions of surface ship vertical launch system and missiles.

2.4 Interrogation methods for FBG based sensors

As shown in Fig. 2.2, using broadband light source and optical spectrum analyzer is the
most widely used interrogation method for FBG based sensors. However, OSA and broadband
source are bulky and expensive equipment and plenty of data need to be processed using this
interrogation method to locate the Bragg wavelength peaks. Therefore, different interrogation
method for FBG based sensors are proposed to improve interrogation efficiency.

One of the interrogation methods is based on Fabry-Perot (FP) tunable filter. A broadband
light source and a FP filter are used in this measurement system. The reflected light from FBGs is
filtered by the FP filter and then launch into photodetector. The center wavelength of the FP filter
is chosen at the decline or rising edges of the reflected spectral curve. During measurement, the
filter will transmit a variable power due to the reflected wavelength shift which can be expressed
by convolution of spectral curves for FP filter and reflected spectral curves from FBG as equation:
Fer(A)*Frea(A). Thus, Bragg wavelength shift can be told by measuring the power variation to the

photodetector.

13



Another widely employed interrogation approach is using a tunable or swept-wavelength
light source as the incident light and a photodetector to detect the reflected optical power from
FBG. The input light usually has a narrow bandwidth or is single wavelength. When the input
wavelength is swept to the center wavelength of FBG, the reflected power get to the maximum
value. Thus, the center wavelength of reflected spectra can be detected by power measurement.

Besides, to obtain high speed and high resolution interrogation for multiple FBG sensor
system, interrogation methods based on time stretch method have been proposed. A mode-locked
fiber laser is used as a pulsed optical source, dispersion modules is used to map wavelength to time
as a time-stretch scheme. Then the signal can be detected and processed by an oscilloscope. This
method is accomplished by stretching the pulse in time to make the interrogation accuracy

significantly increased.
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CHAPTER 3

CONTACT FORCE SENSING FOR BIOMEDICAL CATHETERS

3.1 Introduction

Although contemporary cardiac electrophysiology (EP) procedures are routinely
performed with minimal morbidity and mortality, perforation of either the vasculature or a cardiac
chamber with catheters is an ever present danger. Catheters are usually put into human body far
away from the targeted organ and have to travel through human organs and vessels, and
perforations can happen during this process arisen from excessive force from a catheter, which
could lead to devastating complications [27]. Furthermore, 3D electroanatomical mapping systems
are also commonly used in cardiac EP procedures that an electroanatomical map is created by
moving a catheter with bipolar electrodes throughout the chambers of the heart, collecting local
electrograms (EGMs) at each point the bipole is in contact with the myocardium. These EGMs are
then integrated together to create a 3D temporal-spatial representation of an arrhythmia. The
accuracy of these maps is dependent upon the quality of the EGMS, which in turn is dependent
upon the electrodes having adequate contact with the myocardium. Excessive contact with the
myocardium, in contrast, could also cause perforation. Therefore, a catheter that is capable of
measuring contact force during a procedure is essential to prevent unexpected damages to the
organs [28]. Moreover, MRI guided technology in is also widely used EP catheter ablation which
requires the sensing device immune to electro-magnetic interference, while most electronics based

sensors do not fulfill this requirement [29].
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Temperature insensitivity is another essential feature for accurate force measurements
during procedures, like in an EP radio frequency ablation, where electrical energy is used to
destroy tissues in the heart that are causing rhythm disturbances. This procedure causes an increase
in temperature of the targeted area, disabling the function of any temperature sensitive FBG based
force sensor. An ideal catheter based force sensor for real-time and temperature insensitive
measured is highly desired in this situation.

Fiber optics based sensors have been intensively studied and widely used in various
applications due to its unique advantages such as small size, electromagnetic interference
immunity, and high sensitivity [1,10], which make it a perfect candidate for force sensing during
EP procedures [30,31]. One example of fiber optics based force sensor is based on Fabry-Perot
structure, in which the optical reflectance varies with optical cavity depth, while contact force or
pressure determines the optical cavity depth [32,33]. Another method is based on light intensity
modulation where light intensity is changed when the distance of a reflector is changed due to
force applied at the catheter tip [34,35]. Unfortunately, the above approaches either require a
special fabrication process to embed an elaborate cavity in the catheter tip or are sensitive to
temperature change. Among different types of fiber optics based sensors, FBG is one of the most
popular technology due to its high performance, simple structure, low-cost and maturity. While its
applications on EP catheters have not been fully explored. One of the reason is FBGs are also
excellent temperature sensors because the reflection wavelength shifts with any temperature
change. Unfortunately, this imposes a significant limitation when using FBGs for force sensing
because FBG force sensing relies on the measurement of wavelength shift to determine the amount
of force applied onto the catheter and the corresponding organ, and both temperature and contact

force create wavelength shift making them indistinguishable from one another [26]. Thus, a
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temperature insensitive contact force sensor for EP catheters is highly desired to ensure reliability
and high fidelity sensing in a medical procedure.

In this chapter, we develop FBG based contact force sensors for three types of most
commonly used catheters: mono-directional steerable catheters, bi-directional steerable catheters,
and non steerable catheters. Based on the different designs of the catheters, we demonstrated three
different FBG based approaches for achieving contact force monitoring in all three types of

catheters. Temperature sensitivity of the all the proposed sensors are also investigated.

3.2 Direct Power Measurement for Mono-directional Steerable Catheters

As such, the following work is drawn from our paper published on IEEE sensors journal
(vol.16, pp. 4771-4775, June 2016) by Li Xu, Matthew | Miller, Jia Ge, Kent R Nilsson, Zion Tsz
Ho Tse and Mable P. Fok entitled “Temperature-insensitive fiber-optic contact force sensor for
steerable catheters”.

Steerable catheters are commonly used in EP procedures to enable controlled-bending of
the catheter, so that it can travel smoothly along human vessels and organs, which are twisty and
supple [36]. Although Fiber optics FBG based force sensors are developed and different structures
of FBG based catheter sensors are demonstrated [37-40], there is no research studying contact
force measurement in steerable catheters where different curve diameters may occurs during an
operation. Curve diameter is the furthest distance the catheter moves from its straight axis as it is
deflected. Catheter steering has not been taken into account during force measurement; however,
this capability is essential since catheters often need to be steered into various positions to fit
human vessels and organs. Studying contact force measurement of a steerable catheter with various

curve diameters is important because steering of catheter will create a change in the FBG reflection
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spectrum which consequently affects the force measurement results. Thus understanding and
utilizing the influence that curve diameter has on force sensing is essential for attaining accurate

force measurements during a real medical procedure.

3.2.1 Experimental Setup and Principle

The first contact force sensor we present is a real-time temperature insensitive solution for
contact force measurement in a steerable catheter. The measurement is achieved by measuring the
total reflection power of the FBG sensor using an optical power meter. An FBG is fixed on the
stretched side (outer arc) of a steerable catheter for contact force measurement and the catheter is
then inserted into the catheter guide, just like during a medical procedure, as shown in Figure 3.1.
The proposed FBG sensor does not require the use of an optical spectrum analyzer, instead, an
optical power meter is used for measuring the total reflection power from the FBG. Since
temperature variation will only shift the reflection spectrum but does not change the FBG
reflection bandwidth, while contact force will change the refection bandwidth, the total reflection
power is sensitive only to contact force but not the temperature variation. As a result, temperature
insensitive contact force sensing is achieved by measuring the total reflection power from the FBG.
Furthermore, the measurement of total reflection power does not require specific spectral
information, which is a faster and simpler approach to acquire contact force information.

The proposed sensor is tested and calibrated under different amounts of curve diameter and
temperature settings (12.7 °C to 65 °C), mimicking a real EP radiofrequency ablation scenario.
Based on previous studies [41,42], the target contact force during ablation procedure is 20 g with

a range of 10-30 g. Research has also shown that perforation could happen when the contact force
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is as low as 77 g [43], while no perforation would occur when contact force is within the target

range of 10 to 40 g.

Figure 3.1. Experimental setup for contact force measurement with the FBG embedded steerable

catheter sensor.

Figure 3.1 shows the FBG incorporated steerable catheter and the contact force
measurement setup. In this approach, a non-magnetic 8 French EP catheter from St. Jude Medical
Inc. is used, which is steerable to bend in a particular direction and is adjustable to have various
curve diameters. The starting point of the deflectable section of the catheter is fixed on a holder to
ensure the same onset location for bending to occur, mimicking the small entrance point of the
catheter on a subject during an EP procedure. We set two points a and b at the beginning and end
of the deflectable section of the catheter. The FBG is 14 mm long and is fixed in the middle of
points a and b on the outer arc of the steerable catheter. A scale with 0.01 g resolution is used for
measuring the applied contact force. A broadband light source is used as the light input to the FBG
mounted on the steerable catheter, and an optical power meter (EXFO EPM-50) is used to measure
the total reflected optical power from the sensor. The steering curve diameter is adjustable from
74.13 mm to 67.37 mm, as shown in Figure 3.2. Since the FBG is fixed on the outer arc of the

catheter, it will have the same bending curvatures as the catheter during catheter bending.
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Figure 3.3. Schematic illustration of the steerable catheter without pre-bending (blue) and with

pre-bending (purple). (b) Different pre-bended curvatures of the steerable catheter.

Figure 3.3 illustrates the steerable catheter without steering (blue) and after steering with a
particular curve diameter (purple). We set two points, a and b, at the front part of the catheter
where the bending occurs, while the FBG is located at the mid-point between a and b. We define

the central angle between radiuses aO and bO as the bend curvature (6) when contact force is
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applied. The distance between a and b is the curve diameter (after steering is shown in purple),
denoted as d, which can be measured easily and is directly related to the bend curvature 8 and the
fixed value of I, which is the distance between a and b without pre-bending (shown by the catheter
in blue in Figure 3.3).

When force is applied onto the catheter tip, bending of FBG due to the elastic property of
the catheter occurs, which leads to non-uniform stretching in each grating pitch of the FBG. The
grating pitch governs the Bragg wavelength g (reflection wavelength) of the FBG and is described
by a well-known equation Ag = 2n.sf - A, where A is the grating pitch and ner is the effective
index of the fiber core. Thus, stretching of the FBG results in an increase of pitch length that makes
the Bragg wavelength shift to the longer wavelength direction. The interesting part here is that
since the FBG is fixed on the outer arc of the steerable catheter, when the FBG is bent due to the
force applied to the catheter tip, non-uniform stretching of grating pitches is resulted, which in turn
results in chirping of the FBG and a broadening in reflection spectrum towards longer wavelength
direction. The different extent of spectral broadening under different amount of contact force
enable the use of total reflection power for measuring the actual force applied to the catheter. The
use of spectral broadening for determining force applied to the catheter also provides the benefit
of temperature insensitive operation. The temperature change would lead to a change in the
effective refractive index (nes) of the FBG [1] as well as a uniform thermal expansion of the grating
periods (4). Since both the change in nett and A4 are uniform, these two factors would only result in
a wavelength shift of the reflected peak, while the bandwidth of the reflection spectrum and the
total reflected power stay the same. Since our approach only measures the total reflection power
of the FBG, temperature induced peak wavelength shifts will not affect the measurement because

only the reflection wavelength is shifted, neither the spectral width nor the reflection power is
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changed. As a result, the measurement is independent of the temperature and only contact force

induced spectral broadening will change the total reflection power.

3.2.2 Results and Discussion

Figure 3.4(a) shows the reflection spectra of the embedded FBG under different amounts
of force applied to the catheter tip with a preset steered curve diameter of 72.45 mm, and the
corresponding 3-dB bandwidth change of the reflection spectra is shown in Figure 3.4(b). The
steered curve diameter is adjustable through the catheter control knob and is measured by an
absolute digimatic caliper. To observe the change in optical spectrum, an optical spectrum analyzer
with a 0.8 pm resolution is used for detail characterization during the experiment, which is not
necessary for sensing. As shown in Figure 3.4(a) and Figure 3.4(b), bandwidth of the FBG
reflected spectrum is broadened as the applied force increases, and the overall reflection
wavelength shifts towards the longer wavelength direction. When the applied force is increased
from 0 g to 65.4 g, a total center wavelength shift of 3.0 nm is observed and the 3-dB bandwidth
increases from 0.29 nm to 0.73 nm. Due to spectral broadening of the FBG reflection spectrum,
the total reflection power is increased from -20.02 dBm to -18.21 dBm, as shown by the pink line
with upward triangles in Figure 3.5. The optical power change resulted from force applied to the
sensor is significant, making it possible to achieve direct power measurement using an optical

power meter for contact force sensing.
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Figure 3.4. (a) Measured changes in spectral shape and spectral position of the FBG under
different amount of applied forces with a pre-bended curvature of 72.45 mm. (b) Measured 3-dB

bandwidths under different amount of applied forces.
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Figure 3.5. Measured total reflection powers of the catheter sensor under different amount of

applied forces with various pre-bended curvatures of the steerable catheter.

Figure 3.5 shows the measured total reflection power of the FBG in response to different

amounts of applied force at various initial steered curve diameters. Initial steered curve diameter
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ranged from 74.13 mm to 67.37 mm is applied to the catheter before any contact force is applied,
indicated by the first data point (at 0 g) in each curve. As displayed, the sensor has different initial
reflection power for different initial steered curve diameters, varying from -20.86 dBm to -19.57
dBm. Therefore, calibration can be done based on Figure 3.5 when the catheter is steered at a
particular curve diameter using the control knob, such that the actual contact force can be
determined through optical power measurement. At each steered curve diameter, the total
reflection power increases as the applied force increases with the same trend. The power change
is significant enough to be measured by an optical power meter, such that no spectral information
is needed. At a large steered curve diameter of 74.13 mm, the total power change is 2.66 dB when
an 85.4 g force is applied to the steerable catheter tip. At a small steered curve diameter of 67.37
mm, the total power change is 2.19 dB when a 67.8 g force is applied.

When contact force is applied onto the catheter tip, bending of the catheter is observed
depending on the initial steered curve diameter and the contact force applied to it. Catheter with
smaller initial steered curve diameter experiences larger bending under the same amount of applied
force. As shown in Figure 3.5, catheter with a large initial steered curve diameter (i.e. 67.37 mm)
meets its bending limitation at about 65.0 g of applied force due to the over-bending of the catheter
and the bending limitation of FBG. To prevent over-bending, the measured steered curve diameter
is ranged from 74.13 mm to 67.37 mm and the applied contact force is ranged from 0 g to 65.0 g.
Based on former studies, 65.0 g is enough for most EP procedures. When contact force is applied,
the larger the bending, the larger the broadening in spectrum, and therefore a larger change in
reflection power as well as a higher sensitivity are resulted, which explains the nonlinear power vs
force relationship as shown in Figure 3.5. Furthermore, our approach has better absolute sensitivity

than conventional wavelength measurement approaches. Taking an initial steered curve diameter
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of 72.45 mm as an example, a sensitivity of 0.031 dB/g is observed for contact force of 72.7 g.
Thus an absolute sensitivity of 0.032 g is resulted when an optical power meter with resolution of
0.001 dBm (OTM-300 series optical MultiMeter) is used, which is improved compare with the
conventional techniques. It is worth noticing that once the contact force is removed, both the
steered curve diameter and initial total reflection power are restored to their initial values.
Furthermore, the contact force measurement is highly repeatable that shows the reliability of the
proposed FBG force sensor incorporated steerable catheter.

To investigate the temperature dependency of the proposed FBG incorporated steerable
catheter, the catheter is immersed in a water bath with various temperature. Figure 3.6 shows the
measured total reflection power of the FBG sensor at different testing temperatures. Temperatures
ranging from 12.7 °C to 65.0 °C were tested which covers the whole potential temperature range
that EP procedures may reach. As shown, the total change of reflection power is smaller than 0.2
dB, which proves the temperature insensitive capability of the proposed sensor measurement
scheme. The 0.2 dB of variation could be resulted from thermal expansion of the catheter guiding
tube and the accuracy of the optical power meter. This temperature insensitivity can be further
explained by the optical spectral profiles of the FBG sensor. Since temperature change will result
in a shift in FBG reflection wavelength, the FBG reflection spectra shown in the inset of Figure
3.6 are normalized in wavelength with actual measured power, for comparing the FBG reflection
profiles at various temperatures. When temperature is changed from 12.7 °C to 65.0 °C, no change
in reflection bandwidth or spectral profile is observed, indicating that the corresponding total
reflection powers are the same. The good temperature insensitivity of the proposed catheter sensor

provides accurate and reliable contact force measurement during EP procedures.
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Figure 3.6. Measured total reflection powers of the catheter sensor with respect to different

temperatures. Inset: Corresponding reflection spectra of the FBG at different temperatures.

3.2.3 Summary

A steerable catheter with an incorporated FBG sensor for contact force measurement is
studied experimentally under various steered curve diameters and contact forces. The applied
contact force value is obtained through direct measurement of the total reflection power from the
FBG using an optical power meter, such that real-time contact force monitoring is achieved
without the need for analyzing the spectral information of the FBG. Since the temperature change
induced wavelength shift in reflection spectrum will not affect the reflection power of the FBG,
the proposed scheme is insensitive to temperature influence. The relationship between the total
reflection power, steered curve diameter, applied contact force, and temperature change are
studied. The results show that reflection power change due to contact force applied has the same
trend when different initial steered curve diameters are set through the catheter control knob. As a
result, the actual force applied to the catheter during a procedure can be determined easily through

calibration using the control knob information. This design provides a practical and compact
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solution for real-time contact force measurement during EP procedures, which is suitable for

various biomedical applications.

3.3 FBG-Pair Scheme for Bi-directional Steerable Catheters

As such, the following work is drawn from our paper published on IEEE sensors journal
(vol. 17, pp. 5118-5122, Aug. 2017) by Li Xu, Leah A Feuerman, Jia Ge, Kent R Nilsson, Zion
Tsz Ho Tse and Mable P. Fok entitled “Temperature-Insensitive Contact Force Sensing in Bi-
Directional Catheter Using Fiber Bragg Grating Pair”.

Another type of steerable catheter is bi-directional catheters, that the catheter can be
controlled to bend into two opposite directions. A bi-directional catheter is deflectable, which
enables the operator to move it in two opposing directions. This type of catheters are commonly
used in electrophysiology mapping and ablation procedures. In this section, we design and
demonstrate a temperature and deflection angle insensitive sensor for the contact force
measurement in bi-directional catheters. A FBG pair consists of two FBGs with the same center
wavelength (i.e., overlapped spectrum). The pair can be used as a sensor by fixing the two FBGs
on opposite deflection arcs of the bi-directional catheter. When contact force is applied to the
catheter tip, spectral bifurcation is observed in the reflection spectrum of the FBG pair, resulting
in two reflection peaks in the spectrum. The spectral separation between the two reflection peaks
increases linearly as the contact force increase. Although catheter deflection will also cause
spectral bifurcation, the change in spectral separation between the two peaks is independent of the
deflection angle (i.e., curve diameter). Furthermore, unlike the conventional approach where the
absolute wavelength shift is used to quantify the applied contact force, our approach measures the

change in spectral bifurcation in response to the application of contact force, which is a temperature
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insensitive solution. The proposed sensor incorporated with a bi-directional catheter is tested with
different amounts of contact force, from 0 to 60 g at various deflection angles and directions, which
cover the target contact force range that could be used in surgery. Contact forces larger than our
measurement range, 0-60 g, can be considered as having risk of perforation. The independence to
deflection angle for the two bending directions and temperature insensitivity properties represent

a reliable contact force sensing approach for EP procedures.

Deflection direction A Deflection direction B
- —
FBGs

Force

_~"Curve Diameter

Figure 3.7. lllustration of the FBG-pair embedded bi-directional catheter.

3.3.1 Experimental Setup and Principle

Figure 3.7 illustrates the FBG pair embedded bi-directional catheter with the red dashed lines
indicating the position of the FBG pair. A 1304-7-25-M-BD therapy bi-directional ablation
catheter from St. Jude Medical Inc. was used, which is deflectable in two opposite directions (A
and B in Figure 3.7) with various curve diameters. Curve diameter is the furthest distance the
catheter moves from its straight axis as it is being deflected. Two FBGs with the same center
wavelength (1550 nm) were embedded on the opposite sides of the bi-directional bend region.
Contact cement super glass glue was used to fix the FBGs for demonstration, which is sticky and

flexible enough to allow the FBGs to bend with the catheter while still securely attaching to the
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catheter during deflection. The catheter is deflectable in two opposite directions through the
integrated control handle. When contact force is applied onto the catheter tip, the catheter is bent
slightly due to its flexibility, resulting in a decrease in curve diameter. Therefore, the FBG
embedded on the inner arc is compressed while the one on the outer arc is stretched due to the
elastic property of the catheter. The stretching/compressing of the FBGs lead to a change in grating
pitches, which in turn results in a change in the FBG Bragg wavelength Ag. This phenomenon is
described by equation Ag = 2n,sf - A, where A is the grating pitch and nef is the effective index
of the fiber core. Therefore, Bragg wavelength of the inner arc FBG (compressed) is decreased
while that of the outer arc FBG (stretched) is increased, resulting in spectral bifurcation as shown
by the red curve in Figure 3.8. Two distinct peaks were observed in the spectrum, and the
separation between the two peaks was used to characterize the amount of contact force applied to
the catheter. An increase in contact force decreased the curve diameter of the catheter, thus,
increasing the amount of compression and stretching at the FBG pair which in turn increased the
separation between the spectral peaks. If an FBG is embedded on the side direction of the catheter
insdead of along the steered bending direction, due to the pure bending model, the FBG is not
being stretched or compressed. Thus, the Bragg wavelength can not be changed by the bending of
catheter.

Figure 3.8 shows an example of the FBG-pair optical spectrum before contact force was
applied (black) and after contact force was applied (red). This example corresponds to a contact
force of 21.6 g and a 1.05 nm difference between the peaks. Based on the same principle, when
the catheter is deflected to either direction through the control of the deflection handle, spectral
bifurcation is also observed. When contact force is applied after the catheter is deflected, a further

increase in spectral peak separation is resulted. Therefore, the effect of the contact force can be
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determined by measuring the change in spectral peak separation when contact force is applied,

which is independent of the amount of deflection.

—— Without contact force
Contact force applied

-10 . Shift: 1.05nm
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Figure 3.8. Measured wavelength shift before (black) and after (red) contact force applied.

To calibrate the relationship between contact force and change in FBG peak separation, a
digital scale with 0.01 g resolution and 300 g capacity was used for measuring the contact force.
A broadband light source from 1290 nm to 1660 nm (S5FC1005S Superluminescent Diode (SLD)
Source from Thorlabs Inc.) was used as the input light to the FBG pair. An optical spectrum
analyzer (APEX AP2040A) with 0.8 pm resolution was used to capture the reflected light from
the FBGs through a circulator for spectral measurement and wavelength shift measurement.

It is worth noting that any temperature change will affect the reflective index nest of the
FBG, which in turn causes a shift in FBG reflection wavelength according to the equation
As=2nef-A. Our proposed scheme is designed to use the change in peak separation instead of an
absolute wavelength shift to characterize the amount of contact force. Therefore, any temperature
change will have the same effect on both the FBGs in ner as well as same magnitude and direction

in wavelength shift in the FBG pair. As a result, temperature will not affect the resultant peak
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separation. Thus, the proposed FBG pair approach is temperature insensitive, which is a highly
desired property in contact force measurement during EP procedures. Temperature dependence of
the proposed contact force sensor is studied by setting a water bath at various temperatures during
force measurement. The FBG-pair embedded catheter is immersed into the water bath while the
temperature is monitored by a thermometer (HI98509 - Checktemp®1C). Hot water is added into

the container to increase the temperature of water bath.

3.3.2 Results and Discussion

3-0 1 - - 3-0 — - -
——SrEt | Direction A (a) —— et | DirectionB (D)

~ 25 — 2.5} ——Pre-bend

€ E —— Pre-bend

£ 20 £ 2.0} ——Pre-bend

S S

'(-:E 1.5F E 1.5}

8 S

?}- 1.0F g 1.0

% 05 % oS}

% oof % oo}

0 0 10 20 30,40 50 60 70 -10 O 10 20 30 40 50 60 70

£20 2.0

—=— Straight . .
——pre-vend 1 [Pirection A (c)
——Pre-bend 2
—v—Pre-bend 3
—+— Pre-bend 4

—=— Straight 1 1

sraght | Direction B (d)
—— Pre-bend 2 A
—— Pre-bend 3

—+— Pre-bend 4

-
(&)}
-
[8)]

-
o
T
-
o
T

o

o

o

3
T

o
o
T
o
o
T

Change in peak separation (n
Change in peak separation (nm)

(IJ 1I0 2I0 3I0 4IO 5I0 GIO 70 0 10 20 30 40 50 60 70O
Force (g) Force (g)
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The spectral peak separation (i.e. Bragg wavelength differences) of the FBG pair under
different amounts of contact force is measured with no deflection in the catheter (refer as straight)
and with deflection at both A and B directions. Figure 3.9(a) and 3.9(b) show the measurement
results for deflection direction A and deflection direction B, respectively. A linear relationship
between the spectral peak separation and the contact force is observed when the applied force is
increased from 0 g to about 60 g. Since the amount of preset catheter deflection also contributes
to spectral bifurcation, an increase in initial spectral peak separation is observed at 0 g force as
deflection increases. Increase in deflection means a decrease in curve diameter; therefore, the
corresponding spectral peak separation is increased. Curve diameters of 64.95 mm (pre-bend 1),
61.33 mm, 58.03 mm, and 55.31 mm (pre-bend 4) are used for the investigation. Although
deflection at the catheter causes a change in initial spectral peak separation, the general linear trend
between the spectral peak separation and the contact force can still be observed. Therefore, by
plotting the relationship between the change in spectral peak separation and the contact force, a
consistent linear relationship is observed that is independent to the amount of deflection, as shown
in Figure 3.9(c) and 3.9(d). The slopes of all the curves with different amounts of deflection are
similar with small errors of 0.01 - 0.02 nm, which is contributed from the error during spectral
peak search. Our FBG pair has a spectrum with a relatively flat top, thus, we expect that the
measurement error can be improved with the use of FBG pair with sharper peaks. This deflection
independent capability of our approach is a significant improvement over former research [6]
introduced in the previous section, and will greatly simplify the measurement process in real
applications. The FBG pair has a minimum measurable curve diameter of 47.9 mm, and the largest
contact force we can measure is about 60 g, which exceeds what is needed in EP procedures. A

smaller curve diameter or larger contact force than the limit may cause over stretching of the FBG
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and affect the accuracy of the measurement. The measurement sensitivity of deflection direction
A is about 0.025 nm/g and that of deflection direction B is about 0.032 nm/g. The error in force
measurement can be calculated from the sensitivity, wavelength error of 0.01 - 0.02 nm which
corresponds to a force error of 0.4 g - 0.8 g for direction A and 0.3125 g - 0.625 g for direction B.
Since the FBGs used in this experiment have the same center wavelength but are not spectrally
identical, the corresponding sensitivities for each deflection direction is slightly different.
Temperature insensitive capability is extremely important for reliable contact force sensing
at the catheter because heat is generated at the tissue during radio frequency ablation in EP
procedure. Temperature change will cause the Bragg wavelength of the FBG pair to shift in the
same direction by the same amount. Therefore, a change in temperature will only shift the whole
bifurcated spectrum to one direction while maintaining its spectral peak separation as if there is no
temperature change. Figure 3.10(a) shows the measured optical spectra of the FBG pair with a
56.82 mm preset curve diameter. The black curve represents force sensing at 33.9 °C while the red
curve represents force sensing at 36.6 °C. As shown, both the Bragg wavelength peaks shift to the
longer wavelength direction by 0.12 nm while the spectral peak separation is maintained at 0.68
nm despite the temperature change. The spectral peak separations under different temperature
conditions between 18.7 <C to 61.5 °C is shown in Figure 3.10(b), the range is selected to cover
all possible temperature conditions that occur in EP procedures. The spectral peak separation is
kept constant with a fluctuation of less than 0.05 nm for a temperature range between 18.7 °C to
61.5 -C. The obtained consistent spectral peak separation proves the temperature insensitivity
property of the proposed approach, which provides accurate and reliable contact force

measurement.
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Figure 3.10. (a) Wavelength shift for the two FBGs at different temperatures. (b) Measured Bragg

wavelength difference at various temperatures.

3.3.3 Summary

An FBG pair with the same Bragg wavelength is embedded on two opposite deflectable
sides of a bi-directional catheter at the deflection area. Spectral bifurcation is observed when
contact force is applied to the catheter tip, and the spectral peak separation in the FBG pair
increases as the contact force increases. The experimental results show a linear relationship
between the amount of contact force applied and the resultant spectral peak separation of the FBG
pair. The effect of catheter deflection on the contact force measurement is decorrelated by using
the change in spectral peak separation as an indicator for the amount of contact force applied.
Therefore, no further calibration is needed for different deflection angles and directions. The
demonstrated scheme is also temperature insensitive since temperature will only shift the FBG-
pair Bragg wavelength to the same direction but have no effect on the spectral peak separation.
The largest contact force measured in the experiment is about 60 g, which covers the amount

needed during EP procedures. The presented approach is a reliable solution for practical contact
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force measurement in bi-directional catheters, which can be used in catheters for EP mapping,

ablation procedures, and implant delivery.

3.4 Spirally fixed FBG Scheme for Non-steerable Catheters

As such, the following work is drawn from our paper published on Optics express (vol. 22,
pp. 10439-10445, May 2014) by Jia Ge, Hanlin Feng, Yue Chen, Zion Tse Ho Tse and Mable P.
Fok entitled “Spiral-structured fiber Bragg grating for contact force sensing through direct power
measurement”.

The third type of EP catheters is non-steerable, that the bending of the catheter can not be
intentionally controlled. For this type of catheters, since the bending direction is not known,
contact force sensors on the catheter must be able to response to any bending directions. In this
section, we demonstrate a compact force sensing system through direct optical power
measurement. The proposed sensor is insensitive to the bending directions of the catheter, making
it suitable for non-steerable catheters. Our approach uses a standard FBG that is spirally fixed onto
a catheter, such that the sensor can response to any bending directions of the catheter. When force
is applied to the FBG sensor, the unique spiral structure leads to FBG chirping and reflection
spectrum broadening. Only a laser source and a power meter are used to interrogate the applied

force, which significantly reduces system complexity and cost.
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3.4.1 Experimental Setup and Principle

(a) Grating Stretched

Catheter Bending T Stretched Grating

Catheter Spiral FBG Original Grating

Figure 3.11. (a) lllustration of the spiral-structured FBG force sensor mounted on a catheter. (b)

Corresponding change in grating pitches under the influence of applied force.

In the conventional force sensor where the FBG is placed in parallel with the target object,
only the peak reflection wavelength Ag is shifted significantly under different applied force, while
the reflection bandwidth is remained unchanged. To determine the strength of force applied to the
FBG, the amount of ;5 shift has to be measured, which typically involve the use of OSA and BBS.
In our approach, a standard FBG is used for force measurement, which is spirally fixed onto a thin
tube (e.g. a catheter) as illustrated in Figure 3.11(a). With the spiral structure, chirp effect is
introduced to the FBG when force is applied, resulting in a broadening in spectral shape and
reflection bandwidth. Compare with a parallel structure, the spiral structure enhances the bending
of FBG and resulting in a more significant chirping effect. It has been shown that the chirping can
be induced to a standard FBG and the reflection spectrum bandwidth can be adjusted by displacing
one end of FBG in axial direction with the other end fixed [44] or by fixing the FBG onto a support
beam with slanted direction and changing the beam curvature [45]. When force is applied onto the
catheter tip, it is effectively transferred to the bending of the FBG sensor area due to the elastic

property of the catheter. Since the FBG is mounted spirally onto the catheter, bending of the
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catheter results in uneven changes in each of the grating pitch length A at different positions, most
are stretched in different extends and some are kept unchanged, as illustrated in Figure 3.11(b).
Stretched gratings with longer pitch length A4 lead the g shift to longer wavelength direction, as a
result, the non-uniform stretching of grating pitches lead to FBG chirping, providing a broadened
reflection spectrum towards longer wavelength direction and slower ramp edge at shorter
wavelength side, as illustrated in Figure 3.12(a). Due to the spiral structure, the stretching of FBG
is non-uniform, most of the gratings are stretched in different extends and contributes to the
broaden reflection spectrum at the longer wavelength as well as a stronger reflection. Only a small

portion of gratings keep unchanged, resulting in the slow ramp profile at shorter wavelengths and

a weaker reflection, similar results can be found in previous research [45].

s @) Aw (b) s

Spiral FBG Sensor

Power
Meter

a

Power

Power
Meter

|
|
| Reference FBG ¢
|
1

CIro

Wavelength Feedback Control

v

Figure 3.12. (a) lllustration of the change in spectral shape under different amount of applied

force. (b) Measurement system for the spiral-structured FBG force sensor.

Instead of measuring the reflection wavelength shift, our approach makes use of the change
in spectral shape of the FBG and performs direct power measurement. As indicate in Figure
3.12(a), the slope of the slow ramp edge at shorter wavelength changes as the applied force
increases. Thus, the amount of applied force can be determined by measuring the reflection power

at a particular wavelength at the slow ramp edge. This is achieved by launching a single
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wavelength laser light (at Aw) into the FBG through a circulator and measure the reflection power
using an optical power meter, as shown in Figure 3.12(b). The basic system consists of a laser
source, an optical circulator, and an optical power meter, while the part inside the dotted box is for
temperature effect mitigation. To result in high sensitivity, Aw is picked such that the difference in
reflection power is the largest under different amount of applied force, as illustrated by the red
dotted line in Figure 3.12(a).

In the experiment a non-magnetic EP catheter with a radius of 4 mm is used as the fixture,
which is fabricated in a way that it is slightly bent in one particular direction. Thus, when force is
applied to the sensor in F; direction, the catheter always bends to the same particular direction.
Moreover, one end of the catheter is fixed so that the bending position is also the same when force
is applied. A 35 mm long FBG is fixed in the middle of the catheter (the bending position), with
12 mm spiral pitch gap. In order to prevent breakage and to reduce bending loss of the FBG, the
grating area is wrapped around the tube at an angle of about 40° with respect to the catheter. A
DFB laser (ILX Lightwave 79800) at 1549.9 nm with +5 dBm power is used as the laser beam for
launching into the spiral FBG sensor, and an optical power meter (EXFO EPM-50) is used to
measure the reflected optical power. Compare with conventional sensing systems based on OSA
and BBS, our approach does not require capturing the entire spectrum for determining the
wavelength shift. Thus, our approach is simple, compact, consumes less computation power, and

has low latency.

3.4.2 Results and Discussion

Figure 3.13(a) is the measured reflection spectra of our proposed spiral-structure FBG

sensor. The spectra are measured under different contact forces ranging from 0 to 1.55 N, with
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0.15 N force differences for each curve. An amplified spontaneous emission BBS is used as the
input light and an OSA with a resolution of 0.8 pm (APEX AP2040A) is used for capturing the
spectra. This setup is for comparing the change in spectrum and is not necessary for force
measurement in the spiral-structure FBG sensor.
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Figure 3.13. (a) Measured FBG reflection spectra under different amount of applied force. (b)

Reflection bandwidth of the FBG under different amount of applied force.

As shown in Figure 3.13(a), peak reflection wavelength of the spiral structure FBG is
shifted by ~1.5 nm and significant broadening in reflection bandwidth is observed when force is
applied to the catheter. There is a slight decrease in the maximum power at the spectrum peak, but
the total reflection power is increased due to the broadened spectrum. The entire reflection
spectrum moves toward the longer wavelength direction, at the same time, the ramp profile at the
shorter wavelength gradually gets broader as the strength of applied force increases, while the
longer wavelength side stays steep. The slow ramp profile is caused by the non-uniform stretching
of most grating pitches in different extends and only a small portion of gratings keep unchanged,
thus, the change of reflection power at different wavelength is uneven. Figure 3.13(b) shows the

measured reflection bandwidth under different amount of applied force, which is determined from
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the original spectra in Figure 3.13(a). With an increasing applied force, the reflection bandwidth
gradually increases by ~1.7 nm, i.e. from 0.5 to 2.2 nm.

The significant change in the slow ramp profile shown in Figure 3.13(a) becomes the ideal
region for discriminating changes in the FBG spectrum under different amounts of applied force,
because the optical power reflected at a particular wavelength is different under different amounts
of applied force. In general, the peak reflection wavelength g of the original reflection spectrum
(at 0 N, indicated by the red dashed line in Figure 3.13(a)) is the optimal working wavelength Au.
At this wavelength, the measured power is at maximum value when no force is applied and a
monotonically decreasing curve can be obtained under increasing applied force. It also has the
largest power change for discriminating the amount of applied force and resulting in highest
sensitivity.

Figure 3.14 is the measured power response against different amounts of applied contact
force, ranging from 0 to 1.55 N. The DFB laser has very good stability in terms of power and
wavelength, corresponding fluctuations are less than 0.01 dB and 0.001nm, respectively. The
reflected insertion loss of the whole system (most from the spiral FBG) is 4.7 dB, remains
unchanged during measurement. Under an applied force from 0 to 1.55 N, the reflection power is
decreased from 0.3 to -17 dBm, resulting in an average sensitivity of 11.16 dB/N. The sensitivity
is significantly better than previous power measurement approaches. A good discrimination of
applied force with a step interval of 0.025 N is experimentally achieved among the whole test
range, resulting in a measurement resolution of 0.025 N. As shown in Figure 3.14, a proportional
relationship is found between the applied force and reflection power, with a linear fit R2 of 0.98216
in dBm unit. The proportional relationship and linear fit allow simple conversion from reflected

optical power to the amount of applied force, enabling fast signal processing speed and real-time
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measurement. The sensor meets it’s limitation at 1.55 N due to the over-bending of catheter under
a strong contact force, with a maximum bending radius of ~5 cm. The reflection power is back to

0 dBm when the applied force is removed and the measurement system has a good repeatability.
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Figure 3.14. Measured reflection optical power of the spirally structured FBG at different

amounts of applied force.

Temperature induced spectral shift is an undesired behavior and has general influence to
all FBG sensors, which would significantly affect sensing accuracy. Figure 3.15(a) and 3.15(b)
show the reflection spectra of the spiral FBG at different temperature (from 20 to 60 °C with an
interval of 10 °C) under a fixed force of 0 and 1.0 N, respectively. An increase in temperature
results in spectral shift to the longer wavelength direction, while the spectral shape and reflection
power is kept unchanged. Compare with Figure 3.15(a) and 3.15(b), the amount of temperature
induced wavelength shift is almost the same (~0.4 nm) when different amount of force is applied
to the spiral-structured FBG. In our approach, temperature influence can be compensated using a
similar FBG as a reference grating, which has the same original Bragg wavelength as the spiral
FBG. The temperature compensation scheme is illustrated in the dotted box in Figure 3.12(b). The
reference grating is fixed near the catheter but no force is applied onto it. This reference grating

shares the same laser source by splitting the laser output with an optical coupler. Temperature
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change shifts the reflection wavelength of both the spiral FBG and the reference FBG by the same
amount. Thus, the wavelength shift resulted from temperature fluctuation can be reflected by
power measurement at the reference grating. The power information of the reference grating can
be used to tune the laser wavelength to be aligned to the reflection peak of the reference grating as
well as the spiral FBG, which is the new optimized working wavelength resulted from temperature
change. Figure 3.15(c) is results of the spiral structure FBG sensing system measured at different
temperature ranging from 20 °C to 60 °C with temperature compensation. The power vs. force

curves at different temperature settings are almost the same, proofing that the temperature effect

is successfully compensated.
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Figure 3.15. (a)(b) Spiral FBG reflection spectra measured at different temperatures under fixed
force of 0 and 1.0 N. (c) Power measurement test at different temperatures with temperature

compensation.
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3.4.3 Summary

In summary, a high-sensitivity FBG contact force sensor is proposed and experimentally
demonstrated. The measurement system requires only a laser source and an optical power meter.
With a novel spiral FBG structure, we achieve a simple, compact, and high-sensitivity force
measurement design through direct optical power measurement. A proportional relationship and
linear fit are found between optical power and applied force up to 1.55 N, and an average
sensitivity of 11.16 dB/N is experimentally achieved. Temperature influence has been studied and
a reference grating is proposed for temperature effect mitigation. This design significantly reduces
the system complexity and latency, as well as improves data processing speed, which has a great

practical value in real-time FBG sensing applications.

3.5 Summary

In this chapter, we developed three FBG based contact force sensing schemes for different
types of biomedical catheters. Direct power measurement of the total reflection power of an FBG
contact force sensor is achieved for the mono-directional steerable catheters, an FBG-pair scheme
is used to monitor the applied contact force for the bi-directional steerable catheters, and a spirally
fixed FBG with chirped reflection spectrum is designed for the non-steerable catheters. Accurate
contact force measurements are experimental demonstrated and calibrated for all three types of
catheters. Furthermore, the temperature sensitivity of the all the proposed sensors are also studied.
Temperature insensitive designs or temperature compensating schemes in normal operating
conditions are incorporated to the proposed sensing schemes, making them capable of working

under different temperature conditions. The proposed designs are tested on different EP catheters,
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in principle, these schemes can also be applied to any cylindrical tube-like fixture for contact force

measurement, which is highly desired in many minimally applications.
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CHAPTER 4

FBG BASED SENSOR FOR SOFT ROBOTICS APPLICATIONS

4.1 Introduction

Curvature sensing, Three-Dimensional (3D) shape sensing and stretchable sensor are
essential in a wide range of applications including structural health monitoring in civil engineering,
motion detection of wearable devices, minimally invasive surgery and human body monitoring for
biomedical purposes [46], as well as real-time sensing of soft robotic configuration [47]. In soft
robotics, curvature, stretchable and 3D shape sensors are widely used for the real-time position
and shape information estimation [48], while in minimally invasive surgery shape sensing focuses
on orientation measurement along a 3D curve [49]. Human body monitoring requires a shape
sensor to measure the shape and volumetric changes of the human body days or nights [50].
Conventional curvature and 3D shaper sensors are usually achieved through pressure measurement
and space change measurement through electronic sensors. In recent years, several electronics
based 3D shape sensors have been proposed to accomplish 3D geometry reconstruction [48,51],
body shape change measurement [50], and surface shape measurement [49, 52]. However,
electronics based approaches are usually interfered by electromagnetic signals, limiting their
functionality and performance in extreme environment.

Fiber optic sensor research has been booming over the last decade [1-5 ,53] due to its
unique advantages over conventional electronic sensors, including its light weight and tiny size,

low transmission loss for long distance measurement, instant response, immune to electromagnetic
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interference, chemically inert, and nontoxic, i.e. not harmful to human body as a in vivo sensor.
The unique properties of fiber optic sensor make it a good candidate for soft robotics and
biomedical application. Due to these unique features of fiber optics, fiber optics technique is
considered as a promising candidate for curvature and shape sensing, and various approaches have
been proposed in recent years. For curvature measurement, demonstrated methods include
including the use of interferometric structure for phase modulation [54], specialty fibers with
unique structures [55], and various types of fiber gratings [56-58]. For 3D shape measurement,
most existing fiber optics approaches are limited to 3D curve sensing along a fiber or a line instead
of surface shape sensing. One example is based on multi-core fiber [60] for demonstrating an
orientation sensitive curve sensor. Another example is the tiled fiber Bragg gratings (TFBG) [61],
where two planes of tiled FBGs with an orthogonal structure is used to accomplish a 3D curve
sensing along the fiber. Although the interferometric structure and specialty fiber schemes are
usually having a higher sensitivity than most other alternatives, they are not favorable for practical
implementation due to the structure complexity and high fabrication cost.

On the other hand, the fabrication process of fiber grating is simple and mature, which has
been well developed and widely used. Curvature sensors and shape sensors based on various FBG
structures also show promising sensing capability. Examples include using a tilted FBG [61],
splicing a standard FBG with a multimode fiber [57], using multi-FBG structure for respiration
movement monitoring [58], and a static bending sensor based on FBG embedded shape memory
polymers [59]. However, The above approaches either have a limited measurement range due to
the requirement of strong glues for fixing the FBG, or incapable of distinguishing bending
directions of a curvature. Thus, most of the FBG based approaches can only accomplish curvature

and shape sensing along the fiber, instead of measuring a 3D object or surface. Although fiber
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optics brings unique features to the sensor designs, these limitations greatly hinder their application,
a 3D shape sensor for multi-point surface measurement is still highly desired.

In this chapter, we first developed an FBG based curvature sensor which is capable of
measuring both the bending curvatures and bending directions of a curvature. The sensor is off-
centered embedded in a silicone sheet, which is very soft and removes the need of any adhesives.
The developed bi-directional curvature sensor is then used as the basic sensing element, and is put
into a dual-layer orthogonal FBG mesh structure for achieving multi-point shape sensing. A soft
3D shape sensor is then developed with the capability of measuring the profile of both concave
and convex surfaces. Furthermore, we also developed a stretchable sensor by embedding a
sinusoidal-structured fiber Bragg grating in a silicone sheet at an off-center position, which
uniquely enables 130% of stretching and facilitates strain, torsion direction, and curvature

measurement.

4.2 Bi-directional Curvature Sensor

As such, the following work is drawn from our paper published on IEEE Photonics
Technology Letters (vol. 28, pp. 2237-2240, Oct. 2016) by Jia Ge, Aneek Enrique James, Li Xu,
Yue Chen, Ka-Wai Kwok and Mable P. Fok entitled “Bidirectional Soft Silicone Curvature Sensor
Based on Off-Centered Embedded Fiber Bragg Grating”.

In this section, a compact bi-directional soft curvature sensor is achieved by embedding a
FBG off-centered in a silicone sheet. The proposed approach is capable to distinguish both the
bending curvatures and bending directions through wavelength shift measurement of the FBG.
Based on the pure bending model, the relationship between the FBG embedded position and the

sensor sensitivity is studied and verified experimentally. Real-time curvature measurement of both
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positive and negative bending directions is experimentally achieved. The curvature sensor has a
consistent performance and the results are highly repeatable with small variances. A linear
relationship between applied curvature and FBG wavelength shift is obtained, with a large

measurement range of up to +80 m* curvature.

4.2.1 Design and Fabrication

To achieve real-time sensing with a large measurement range, the adopted sensor material
must be soft enough to be bend freely with the testing objects, while the FBG must be fixed to the
sensor material. The use of strong glues for fixing the FBG is not desired since the physical
property of both the sensor material and the FBG will be affected. Here, we propose the use of
silicone as the sensor material as well as the material to fix the FBG in position. Figure 4.1(a)
shows the proposed soft silicone curvature sensor as well as the measuring setup, where FBG is
embedded inside a flat silicone sheet and is fixed very well without using any adhesive. The FBG
is centered along the y-direction in the silicone sheet coordinate but offset from the center in the
z-direction. The cross-section view of the sensor, shown in Figure 4.2, indicates the silicone sheet
acts as a solid media tightly interacting with the FBG under constant curvature deformation. Due
to the soft property of the silicone sheet, it can be placed onto and complied with the tested objects

along the exact same curvature profiles.

@) z =7 -FBG Silicone

Broadband
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Figure 4.1. (a) Bidirectional soft silicone curvature sensor and the measurement setup. (b) Testing

objects with different positive/negative bending curvatures up to 80 m™.
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In this study, Ecoflex® GEL from Smooth-On Inc. [62] is adopted as the silicone material.
This soft material is elastic and capable of being stretched many times and still rebounds to its
original shape without any distortion. In addition, it is certified for biological evaluation of medical
devices with irritation and skin sensitization tests. The fabrication process mainly consists of four
steps, which are (1) mold design and 3D printing, (2) lower layer molding, (3) FBG integration
and upper layer molding, (4) de-molding. In step (1), the mold of silicone rubber is fabricated
through a 3D printer with a fabrication precision of 50 um. Then in step (2), equal amount of
Ecoflex solutions are mixed and poured into the mold to fabricate the lower layer of the curvature
sensor with a thickness of hy, as illustrated in Figure 4.2. In step (3), a FBG is placed on the top
of the lower layer, leveled, and is fixed at the two end of the FBG, such that it is flat and parallel
to the surface of the mold. Then, the mixed silicone solution is poured into the mold to create the
upper layer with a thickness of hi1. The silicone rubber is cured for 4 hours at a temperature of 25
°C. Finally, the curvature sensor is demolded after the upper layer is cured. In the test experiment,
the overall dimensions of the sensor are 5 mm in height (h1 + h2), 10 mm in width and 20 mm in
length. The FBG used in the sensor is a standard FBG fabricated by UV written technique, which
has uniform grating pitches, an overall grating length of 20 mm, side-mode suppression of 26 dB,
and a reflectivity of 92.9%. In the test the thicknesses of upper layer (h1) and lower layer (h,) are
set ranging from 4.5:0.5 to 2.5:2.5 (mm) in five sensor samples, such that the relation between the

FBG offset position and sensor sensitivity can be investigated.
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4.2.1 Measuring Principle

When the FBG embedded sensor is placed on top of a curved surface, bending occurs on
both the silicone sheet and the embedded FBG. Two bending directions, +z and -z, can be observed
on a curved surface, that positive bending is defined as when the FBG is closer to the inner arc of
the bend, while negative bending is defined when the FBG is further away from the inner arc, as
illustrated in Figure. 4.2(b) and 4.2(c). The reflected wavelength /g of the FBG is determined by
its grating period, which can be written as Eq. (4.1)

Ag =2, A (4.1)
where ne and A are the effective refractive index and the grating period, respectively. The bending
effect of the embedded FBG will either stretch or compress the grating period, resulting in a change
in the reflected wavelength. Stretched gratings will have a longer grating period 4 causing the
reflection peak /g shift to longer wavelengths (red shift), while compressed gratings will result in
a shift to shorter wavelengths (blue shift).

(a) Free-state without bending

Silicone fixture —

Fiber (FBG)

<— Neutral line

(b) Negative bending (c) Positive bending
~,

Figure 4.2. Operating principle of the FBG based bidirectional curvature sensor. (a) Free-state of
the curvature sensor, the dashed black line is the neutral line of the sensor, green line is referring
to the fiber and red dash line is the FBG. (b) Negative bending situation. (c) Positive bending

situation.
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Different from most of the FBG based curvature sensors where the gratings are glued at
the surface of the sensor, the FBG in our approach is embedded at an offset position from the
neutral line (indicated by the dashed line DE in Figure 4.2(b)). As a result, positive bending and
negative bending have different effects on the grating period. The distance from the FBG to the
outer arc and inner arc of the silicone sheet is defined as hy and hy, respectively, as shown in Figure
4.2(b) and 4.2(c). The design and analysis of our sensor are based on the pure bending model [63],
which is a classic and widely adopted model in mechanical engineering for describing a bending
moment. Thus, when the sensor is bent as illustrated in Figure 4.2(b), the relationship between the
length of the neutral line, bending radius, and the bending angle is governed by

Loe=p-0 4.2)
where Lpe is the length of the neutral line of the silicone sheet, which is always a constant value
under all curvatures according to pure bending model [17]. p and & are the radius and central angle
at the neutral line, respectively. In general, the curvature C and the bending radius has a reciprocal
relationship, as

C=1/p=6/Loe (4.3)
Since the FBG is very thin and is embedded inside the silicone sheet, the FBG and the silicone
sheet can be treated as a uniform object undergoing the same bending. That is to say, the FBG is
compressed during negative bending, while it is stretched during positive bending. The offset
location (y) of the FBG results in slightly modification in the bending radius and is represented by
p £y, depending on if it is a positive or negative bending. Then, we can obtain the length of FBG
(Lsk) under an applied curvature, as

Lk = (px)-0 (4.4)

ALrsc = Lpe- Lik =6y (4.5)

51



y = hi-(h1+hy)/2 (4.6)
where y is the distance between the neutral line and the FBG, and is fixed for a certain design. The
bending induced change in the FBG length is derived as Eq. (4.5), which means that the grating
period is changed proportionally to the bending angle & (or curvature C), thus, a wavelength shift
of the Bragg wavelength is resulted according to Eq. (4.1) and Eq. (4.3), and can be described as

Alg o + Ne-C-Lok -(h1-hy) (4.7)

In Eq. (4.7), Loe is a constant value in the pure bending model, and h; and h; are
predetermined during the fabrication process for each sensor. Consequently, the amount of the
wavelength shift is solely governed by the measured curvature C. It is worth noticing that the
sensor is designed to be thin and small, and is for measuring relative large curvatures (i.e. p >>y).
However, when the measured curvature is comparable to the sensor thickness, then C should be
considered as,

C=1/(p+y) (4.8)
and a small measurement difference between positive and negative bending will be resulted. This
explains the discrepancy that will be seeing in the measured results in Figure 4.3 when the offset
(y) is large.

During the design of the curvature sensor, the value of hi-h, provides the feasibility to
adjust the sensor sensitivity as well as the capability to measure bi-direction bending. Showing in
Figure 4.2(b) is a situation when the FBG is bent closer to the inner arc, i.e. hi-h2 is a negative
value (negative bending), a compression of the FBG is obtained because Lpe > Ljk. As a result, a
blue shift of the Bragg wavelength is obtained from the reflection spectrum. On the contrary, when
the sensor has a positive bending as shown in Figure 4.2(c), i.e. hi-hz is a positive value, stretching

of the FBG and a red shift is observed. Finally, by measuring the direction and the amount of the
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wavelength shift, both the bending directions and curvatures can be determined. Notice that if the
FBG is positioned at the neutral line of the sensor, i.e. hy equals hy, Lpe is always a constant under
pure bending, meaning that AAg is always 0. The sensor’s sensitivity is governed by the amount of
wavelength shift under certain amount of bending, which is determined by the hi-h, value
according to Eq. (4.7). Thus, by adjusting the FBG embedded depth during the fabrication process,
different sensitivities can be resulted. The measurement setup consists of a broadband light source,
an optical circulator, and an optical spectrum analyzer. Two sets of testing objects, a total of 15
pieces (including a flat surface) with 8 different bending curvatures from 0 to 80 m™ are used. The
concave (red) and convex (black) testing objects are used for negative and positive bending

measurement respectively.

4.2.3 Results and discussion

Figure 4.3 shows the measured reflection spectra of the proposed FBG embedded silicone
curvature sensor in response to different bending curvatures. The tested sensor has a 20 mm FBG
inside, with embedded h1:h, values of 4:1 (mm). The sensor is put on the top of the testing objects
with bending curvatures from 0 to 80 m™ as shown in Figure 4.1(b). Measured spectra resulting
from negative bending and positive bending are shown in Figure 4.3(a) and 4.3(b), respectively.
As shown in the negative bending situation in Figure 4.2(a), FBG reflection peak gradually shifts
to the shorter wavelength direction as the curvature increases, with a total wavelength shift of
0.091 nm under a curvature of 80 m™X. During positive bending situation, the peak shifts to the
longer wavelength direction, with a total wavelength shift of 0.095 nm under the same curvature.
The measurement sensitivity is 1.1375 pm/m for negative bending and 1.1875 pm/m-* for positive

bending.
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Figure 4.3. Measured FBG reflection spectra of the curvature sensor under different bending

curvatures, with embedded hi:h, values of 4:1 (mm). (a) Negative bending. (b) Positive bending.

The experiment agrees with the theoretical predictions that the direction of the wavelength
shift in response to positive bending and negative bending are opposite, and can be used to
distinguish the bending directions. The profile of the FBG reflection peaks, as well as the property
of the silicone material, are well maintained throughout the bending from 0 to #80 m™. A further
increase in measured curvature to above +80 m™ will cause over bending of the sensor and unequal
changes in grating period, which will result in chirping of the FBG as well as potential damage of
the sensor. The response of the sensor is instantaneous and can measure dynamic movements in
real-time without the need of molding/formation process. Due to the small amount of wavelength
shift, a large number of FBG sensors at different wavelength can be cascaded in a single fiber for
multi-point curvature sensing or shape sensing.

We also studied the relationship between the sensor sensitivity and FBG embedded depth
by fabricating four testing sensors with different embedded depths (h2) from 0.5 mm to 2.0 mm.
Figure 4.4(a) shows the measured FBG reflection peak shifts of the four sensors under both

positive and negative bending curvatures from 0 to 80 m™. Four identical FBGs are used, with the
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same reflection wavelength, initial grating period, grating length (20 mm) and overall sensor size.
The h1:h2 values for the #1 to #4 sensors are 4.5:0.5, 4:1, 3.5:1.5 and 3:2 (mm), respectively. As
shown, positive bending results of all the four sensors show blue wavelength shifts, corresponds
to compressions in grating period; while negative bending results in red wavelength shifts,
indicating stretching in grating period. Under the same amount of bending curvature, the amount
of wavelength shift is governed by the FBG embedded depth, i.e. hi-h, value, which in turn governs
the sensitivity. Figure 4.4(b) shows the calculated sensitivities of the four FBG sensor samples
with different embedded depths. As shown, similar sensitivities of positive and negative bending
are recorded at the same hi-h values, and the sensor sensitivities increase as the hi-h, values
increase. A largest bending sensitivity of 1.64 pm/m* is achieved with an embedded depth of 0.5
mm. All the measurements are repeated five times and corresponding error bars are shown in
Figure 4.4(a) to indicate the variances. The sensors have good accuracy and consistency over
different measurements. A control experiment is also performed that a same FBG is embedded at
the neutral line of the silicone sheet, with hy = hz, while all the fabrication and experiment
parameters are set to be the same as before. In this test, there is no significant wavelength shift for
both positive and negative bending. This particular structure is incapable to tell the direction of
bending, since the compression or stretching of the gratings are not significant when bending is
applied, as predicted in the pure bending model in Eq. (4.7). It is worth noticing that to properly
protect and fix the FBG inside the silicone sheet for measuring large bending curvatures, a

minimum protection thickness of 0.5 mm between the FBG and the sensor surface is needed.
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Figure 4.4. (a) Measured reflection peak shifts of 4 tested sensors under different amount of
curvatures, with different FBG embedded depths. hi:h, values for #1 to #4 sensors are 4.5:0.5, 4:1,
3.5:1.5 and 3:2 (mm), respectively. (b) Comparison of the sensor sensitivities with different FBG

embedded depths, for both positive and negative bending.

4.2.4 Summary

A bidirectional soft curvature sensor based on embedding a FBG in a flexible silicone sheet
is demonstrated. Unlike conventional FBG curvature sensor, the proposed sensor has the FBG
being embedded offset from the neutral line of the silicone sheet without using any adhesives. The
soft silicone sensor does not require a formation time during measurement, enabling real-time
curvature sensing. A large curvature measurement range of 80 m-1 is obtained for both positive
and negative bending. The relationship between FBG embedded depth and sensor sensitivity is
studied through the pure bending model and verified experimentally. The amount of wavelength
shift has a linear relationship with the bending curvature for various embedded depths. A design
with multiple FBGs is anticipated for sensing shapes with rather complex morphology. Such
continuous FBG-based sensing technique makes it possible to acquire high-fidelity geometric

details of many non-rigid objects deformed by the dynamic and unstructured environment, in
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particular for real-time structural monitoring in civil engineering, robotic control in mechanical

engineering, and in vivo procedure in biomedical applications.

4.3 Three-dimensional Shape Sensor

As such, the following work is drawn from our paper published on Optics Express (vol.
25, pp. 24727-24734, Oct. 2017) by Li Xu, Jia Ge, Jay H Patel, and Mable P. Fok entitled “Dual-
layer orthogonal fiber Bragg grating mesh based soft sensor for 3-dimensional shape sensing”.

With the help of the bi-directional curvature sensor developed in the previous section, we
demonstrated a compact soft 3D shape sensor that can measure the complete 3D shape of an object
surface. The sensor consists of 18 standard FBGs curvature sensors developed before, and utilizing
a dual-layer orthogonal FBG mesh structure to achieve the bi-directional 3D shape sensing. The
18 FBGs are aligned orthogonally in a dual-layer mesh structure with 9 FBGs in the x-direction at
the top layer and 9 FBGs in the y-direction at the bottom layer. Embedding the FBGs in two layers
enables the sensing of both convex and concave object surfaces, while the two orthogonal layers
decompose a curved surface into two orthogonal axes. The FBGs are embedded in and protected
by the soft silicone rubber, allowing the FBGs to be bend along the bending curvature of the
measured object due to the flexible property of silicone. The proposed scheme can measure the
complete 3D shape of an object surface simply by placing the sensor on top of the object. The
measured results are plotted out in a 3D visual figure, which provides good intuition of the 3D
shape of the measured object. The compact and soft silicone rubber is highly compatible with
human body, making the proposed sensor a promising design for wearable monitoring devices and

medical robotics.
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4.3.1 Design and Fabrication

Figure 4.5. (a) Schematic diagram of the proposed 3D shape sensor based on dual-layer orthogonal
FBG mesh. Green gratings: FBGs at the top layer; Red gratings: FBGs at the bottom layer. (b)
Prototype of the fabricated soft 3D shape sensor. (c) Illustration of different layers of the silicone

sheet and the dual-layer orthogonal FBG mesh structure.

The 3D shape sensor is composited of 18 FBGs and a silicone sheet of 84 mm x 84 mm in
size and 5 mm in thickness. 18 FBGs with different center wavelengths are embedded in the
silicone sheet, resulting in 18 sensing points in two orthogonal directions. The FBGs are embedded
in two off-center layers (red and green) that enables the measurement of shape change in both
concave (-z) and convex (+z) directions. The top layer FBGs (green) are embedded 1 mm below
the top surface, while the bottom layer FBGs (red) are embedded 4 mm below the top surface (i.e.
1 mm above the bottom surface). According to the study in previous section, 1-mm silicone sheet
outside the fiber can provide enough protection to the FBGs while enabling good sensitivity at the
same time. The top and bottom layers each has 9 FBGs embedded orthogonally in x- and y-
directions, such that the curvature information of an object surface can be decomposed into two
orthogonal axes. The x-direction FBGs (green) are arranged into three rows, while the y-direction
FBGs (red) are arranged into three columns. Each FBG is 15 mm long and is placed with a 10-mm

gap between adjacent FBG. The distance between adjacent row/column is 26 mm and is 16 mm
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from the edge of the silicone sheet. All the FBGs are written on the same fiber, enabling one single
measurement for capturing information from all the 18 FBGs. The design of the proposed soft 3D

shape sensor is shown in Figure 4.5.

To fabricate the sensor, Ecoflex® 00-10 from Smooth-On Inc. is used as the silicone
material, which is flexible, ductile, and can be recovered to the original shape after many times of
measurement, such that a good repeatability is obtained for the shape measurement. The silicone
material has tensile strength of 120 psi, maximum elongation of 800%, shrinkage of <0.001 in./in,
and operating temperature from -65 °F to 450 °F. Furthermore, the silicone material is very soft
and can be attached on top of the measured object with same shape. Three molds that are used for
precisely controlling the FBG embedded thickness and holding the FBGs in place are first designed
and fabricated through 3D printing. Two of the molds (mold 1 and mold 2) are used to make Layer
A and Layer B in Figure 4.5(c) with thicknesses of 1 mm and 3 mm, respectively. The third mold
(mold 3) is used as the final assembling mold, which has a total thickness of 5 mm and has precise
v-grooves on each of the sidewalls to fix the optical fiber at the right position. First, Layer A and
Layer B are made by mixing equal amount of Ecoflex® 00-10 solutions A and B, and let it cure
for 4 hours in mold 1 and mold 2. Layer A is then transferred to mold 3 for reassembling of the
shape sensor. An optical fiber with the first set of FBGs (a total of 9 FBGS) is put on top of Layer
A and are arranged in 3 rows, where the exact position of the fiber is precisely fixed by the v-
grooves on the sidewalls of mold 3. Layer B is then transferred from mold 2 to mold 3 and is put
on the top of the fiber above Layer A. Small amount of silicone mixture is added between Layer
A and Layer B to ensure the two layers are securely assembled together. Next, another optical fiber
with the second set of FBGs is put on top of Layer B in the direction that is orthogonal to the first

set. At last, mixed silicone solution is poured into mold 3 to form Layer C after the FBGs are
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secured at the v-grooves, which are cured together with the rest of the shape sensor in 4 hours.
Finally, the two pieces of optical fiber that consists of the orthogonally arranged FBGs are
cascaded externally through fusion splicing, such that it becomes a single piece of fiber with all
the 18 FBGs on it. A photo of the fabricated soft shape sensor is shown in Figure 4.5(b). The
unique orthogonal dual-layer structure enables the sensor to measure shape changes in both
bending directions — positive bending (convex) and negative bending (concave), as well as
decomposing each bending in two orthogonal directions. It is worth to mention that unlike most
FBG based designs that use special glues to fix the FBG onto the sensors fixture which will affect
the property of the FBG - our approach does not require any adhesive, resulting in full utilization

of the FBG property and a wide measurement range.

4.3.2 Measuring Principle

As demonstrated in the previous section, each sensing point (FBG) of the 3D shaper sensor
works as a curvature sensor at a particular position, the relationship between the bend radius and

length of neutral line can be governed by
p=Ln/0 (4.9

where Ln is the length of neutral line, p is the bend radius and @ is the central angle. When the
FBG curvature sensor is placed on the surface of an object with a positive bending curvature,
stresses and strains are negative above the neutral plane, but they are positive below the neutral
plane. Thus, the FBG that is fixed at the top layer will be stretched while the FBGs fixed in the
bottom layer will be compressed, essentially changing the FBG Bragg wavelength As. Therefore,

taking an example of FBGs fixed in top layer, negative bending curvature (Figure 4.6(a)) results
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in a Bragg wavelength g shifts to the longer wavelength (right), while positive bending curvature

(Figure 4.6(b)) results in a shift to the shorter wavelength (left) [17].
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Figure 4.6. Measurement mechanism of each of the sensing point working as a curvature sensor,
when measuring an object with a (a) negative bending curvature and (b) positive bending curvature.
(c) Wavelength shifts in response to different bending curvatures for both positive and negative

bending directions.

Since each FBG is considered as a curvature sensor at a particular position inside the 3D
shaper sensor, by measuring the amount and direction of the wavelength shifts of all the 18 FBGs
in both layers, both bending curvatures and directions can be obtained at each sensing points, thus
3D shape reconstruction of the measured object can be achieved.

A broadband light source (S5FC1005S Fiber Coupled Super Luminescent Diode from
Thorlabs Inc.) with wavelength range from 1290 nm to 1660 nm is used as the light source. An
optical circulator is used to couple the light into the optical fiber that has all the 18 FBGs written
on it. Since all the FBGs are cascaded inside the same fiber and with different reflection peaks,
only one light source is enough for all the 18 sensing points. Light at each Bragg wavelength is
reflected back from each sensing point and is then launched into an optical spectrum analyzer
(OSA) (APEX AP2040A) via port 3 of the same optical circulator. The OSA has a resolution of

0.8 pm to measure the reflected optical spectra of the FBGs. Spectrum with 18 different Bragg

61



wavelength peaks can be obtained by one measurement, which includes the measured results from

all the 18 sensing points.

4.3.3 Calibration

First, we calibrate the relationship between shifts in 1z and the bending curvature of each
FBG. The wavelength shift is measured by placing the 3D shape sensor on eight cylindrical
reference objects with different but known curvatures. The bending curvature C is expressed in
terms of bending radius p as C=1/p. We use cylindrical objects with negative curvatures of 5.62
m?,8.33m?, 13.16 m?, and 25.64 m™ and positive bending curvatures of 5.69 m?,9.25 m, 13.51
m, and 27.02 m™* for calibration.

By repeating the curvature measurement at all the 18 sensing points with reference objects,
we can get five calibration points for each sensing point. Linear fitted lines are used to connect the
calibration points and the resultant calibration curves are resulted. As an example, calibration
curves of three FBGs in the same row (Bragg wavelengths at 1535 nm, 1537 nm and 1539 nm) are
shown in Figure 4.6(c) shows. The Bragg wavelength shift and the bending curvature have a linear
relationship for both positive and negative bending directions, which is studied in our previous
work [17]. Sensitivity of negative and positive bending directions for these FBGs are around 3.8
pm/m* and -2.5 pm/m, respectively. With the calibration curves, the actual bending curvatures
of an unknown object can be calculated by fitting the Bragg wavelength shift to the calibration
curves. The sensitivity of each sensing point varies slightly from each other due to the slight
difference between different FBGs fabrication process and the FBG embedded depth in the sensor.
Therefore, calibration curves for all the 18 FBGs under both positive and negative bending are

measured. Thus, in the 3D shape measurement, by using the slopes (S) of the fitted lines, bending
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curvatures for the 18 sensing points can be calculated from the measured wavelength shift (44)

through the relationship C=A44/S.

4.3.4 3D Shape measurement and reconstruction
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Figure 4.7. Optical spectra of the 18 FBG sensing wavelengths. Insets: zoom in view of each

FBG reflection peak.

To measure the shape of an object, the soft sensor is placed on the surface of a test object
to measure the wavelength shift at each sensing point. Due to the irregular shape of the test object,
the amount of Bragg wavelength shift and the shifting direction in each FBG are different (as
shown in the zoom in insets) — which corresponds to the bending curvature and bending direction
at each of the sensing point, respectively. Figure 4.7 shows the measured optical spectra of all the
18 FBGs inside the shape sensor for a 3D object. The black curve is the initial spectrum when the
shape sensor is put on a flat surface, while the red curve is the measured spectrum when the sensor
is put on a non-flat object of interest. Then, bending direction at certain sensing point can be
measured based on the wavelength shift direction at the corresponding Bragg wavelength, while
the bending curvature can be calculated through the relationship between wavelength shift and the

calibration curve slope using equation C=44/S.
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Figure 4.8. Examples of changes in curvature at the shape sensor. Each section - ab, bc, and cd

correspond to each FBG sensor arc.

The contour of the object along the row/column can be approximately reconstructed by
connecting the measured curvature of the three arcs. Furthermore, adjacent arcs share the same
tangent line, e.g. arcs ab and bc share the tangent line 11. 3D coordinates of all the 18 sensing
points can be calculated through the following steps:

1. Curvature information is obtained through the spectral measurement and calibration

curves. Then, bending radiuses of each sensing points is calculated using p = 1/C.

2. The bending angles #:1-03 can be calculated using the relationship 6, = arc length/pn.

According to Figure 1(a), arc lengths of ab = 29.5 mm, bc = 25 mm, and cd = 29.5 mm.

3. Circle centers of the arcs are O1 (x1, z1), O2 (x2, z2) and O3 (x3, z3), while the bending
radiuses are p1, p2, p3, respectively.
4. Let’s use Figure 4.8(a) as an example, assume Oz is at (0, 0), (x, z) coordinates of O and

O3 can be calculated as:

X =—(p, —pl)sine—zz,

0 (4.10)
z,=(p, _pl)COSEZ-
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5. The coordinates of the each ends of the arcs, i.e. point a, b, c, d, can then be calculated by:

. 0O g o . 0
X. =—(2p,sin =+ cos(= +—-2) + p, Sin—=2),
. =—(2p, > (2 2) P 2)

6, )
Z. = p,C0S—=—2p, sin=2sin(= +=2).
a =P, C0S—-=2psiN - (2 2)

5,
X, = —Sln?pz,

0,
2, =C0S =2 p,.

0,
X, =sin=>p;,

z —cosé
¢ > Py

6, 6, 6, 6
X, = p,Sin—=%+2p,sin—=cos(= —-2),
4 = P SIN =2+ 281N (2 2)
6, 6, . 6, 0
Z. = p,C0S—2+2p,Sin=sin(= —=2).
d = P > Ps > (2 2)

6. Functions of arcs ab, bc, and cd can then be formulated as follows:

6 6
Zy = \/pf —(X+(p, = p)sin ?2)2 (P = P)COS 1 (X <X < X2, <2y <Z,).

2
Zo. =07 X2, (X, <X<X,,Z, <Z, <Z.)

2. :\/ny—(x—(/?ﬁps)sm%)z (2 005 2 (X, <X <Xy, 2, <2 <7,),
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7. Similar mathematics relationship can be found to represent another curve situation shown
in Figure 4.8(b). Coordinates of all the arcs are obtained and incorporated in a single plot

for 3D reconstruction in MATLAB.

The MATLAB code based on the previous 3D reconstruction algorithm is included in the
APPENDICE B. To test the performance of the 3D shape measurement and the reconstruction
capability of the MATLAB program, three test objects of different shapes are used, including a
half cylindrical surface, a hemisphere, and an irregular shape object, as shown in Figure 4.9(a)-
4.9(c), respectively. The soft shape sensor is placed on top of the test object and the optical
spectrum of the whole FBG mesh is measured. 3D shapes of the test objects are reconstructed as
shown in Figure 4.9(d)-4.9(f). Surface shapes of the test objects are well reconstructed with
accurate matching profiles. It is worth noticing that due to the bending limitation of FBGs and the
tension limitation of the silicone gel material, the shape sensor has a bending curvature limit of
25.64 mt. Measurement of objects with curvature larger than the curvature limit will results in
large measurement error. The spatial resolution of the shape sensor is 26 mm which is governed
by the density of FBGs in the dual-layer FBG mesh, which can be increased by using shorter FBG

and closer spacing between each FBG in the mesh.
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Figure 4.9. (a)-(c) Testing objects #1 to #3; (d)-(f) Reconstructed 3D shapes of the corresponding

testing objects.

The accuracy of shape sensor is tested using reference cylindrical objects with various
bending radius p which are known before measurement. The measurement error is about 2.7%
calculated by the error formula shown in Eq. (4.19)

%E=|(pa-pe)/pa |x100 (4.19)
where pa represents the actual bending radius and pe represents the measured bending radius. This
small measurement error provides a good visual idea of the 3D shape under testing. Although the
silicone material provides short-term temperature isolation, we are aware that just like other FBG
sensors, our approach is sensitive to temperature. To compensate the temperature effect, a
reference FBG can be placed at the center layer (neutral line) of the silicone sheet. Based on pure
bending model, the reference FBG will not be affected by bending and could acts as a reference

for decorrelating the temperature effect.
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4.3.5 Summary

In this section, a soft silicone shape sensor for 3D shape measurement is designed and
experimentally demonstrated, with 18 FBGs embedded in a flexible silicone rubber. The 18 FBGs
are located in two orthogonal layers — resulting in a dual-layer orthogonal mesh structure and 18
sensing points. The dual-layer structure enables the measurement of both positive and negative
bending curvatures, while the orthogonal structure decompose a curve into x- and y- axis. The
bending direction and bending curvature at each sensing point are obtained by measuring the
direction and amount of Bragg wavelength shift of each FBG in the mesh. The surface profiles of
the test objects are successfully reconstructed with visual 3D plotting. The reconstructed results
show good accuracy and visualization of the test object. This compact and flexible design makes
the proposed 3D shape sensor a good candidate for wearable devices, soft robotics and biomedical

applications.

4.4 Stretchable Sensor for Strain, Torsion and Curvature Measurement

As such, the following work is drawn from our submitted manuscript for OFC on
10/10/2017 by Li Xu, Ning Liu, Jia Ge, Xianqiao Wang and Mable P. Fok entitled “Stretchable
multi-function fiber sensor for tension, bending and torsion sensing”.

In this section, we develop a soft stretchable multifunction sensor based on the use of an
FBG, which is embedded as a sinusoidal structure in a silicone sheet at an off-center position. This
unique sinusoidal structure and the flexibility of silicone sheet make the sensor highly stretchable,
while embedding the FBG at an off-center position enables the sensing for bi-directional bending
curvatures and torsion directions during twisting. Unlike most proposed sensors which can only

detect deformation or measure single variable parameter, the proposed stretchable sensor can
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achieve accurate measurement for strain, torsion direction, and bending curvature. The stretching
ability, flexibility, and compact structure of the demonstrated fiber optic sensor is highly desired
in biomedical applications and soft robotics which is compatible with human body and can be

mount onto a flexible object that has large movement during measurement.

4.4.1 Principle and experimental setup

Figure 4.10(a) and 4.10(b) shows the design and photo of the soft stretchable fiber optic
sensor, respectively, that consists of a silicone sheet and a FBG. The size of the silicone sheet is
60 mm x 60 mm with a 4-mm thickness. A 15-mm long FBG is located in the middle of a
sinusoidally-placed optical fiber that is embedded in an off-centered layer in the silicone sheet with
a 3mm embedded depth from the top and 1 mm from the bottom. A 3D printed mold with 60 mm
x 60 mm in size and 4-mm depth is used to fabricate the stretchable sensor. Small columns are
fixed in the mold to fix the optical fiber in a sinusoidal shape. Small notches on the mold’s
sidewalls are used to support the optical fiber at the desired embedded depth. Then, equal amount
of Ecoflex® 00-10 solutions A and B are mixed uniformly to form the silicone mixture and poured
into the mold. The silicone mixture is cured in 4 hours and the stretchable FBG sensor is made.
Although the silicon glass material of the optical fiber itself is not stretchable, the sinusoidal
structure enables the FBG written optical fiber to be stretched with the silicone sheet without

breaking, only a deformation in the sinusoidal shape is resulted.
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Figure 4.10. (a) Design of the proposed stretchable sensor based on a sinusoidal-structured FBG
embedded at an off-center position in a silicone sheet. (b) Cross section of the stretchable sensor
from side B showing the positive and negative torsion directions. (c) Photo of the stretchable
sensor prototype under stretching. (d) Measurement mechanism of the stretchable sensor when

measuring an object with positive and negative bending directions.

With the unique structure, the proposed stretchable fiber optic sensor is capable of
measuring strain, bidirectional curvature, and torsion direction. When the proposed sensor is
stretched, the sensor is elongated in the y direction, which in turn changes the strain of the silicone
and FBG. Therefore, strain applied to the sensor will result in a shift of FBG Bragg wavelength,
governed by Ads = [(1 — pe)e + (04 + an)AT] 28 (EQ. (4.20)), where 44 is the resultant wavelength
shift, Ag is the initial Bragg wavelength without strain, pe is photoelastic coefficient, € is the strain
applied to the FBG, a is the thermal expansion coefficient, an is the thermos-optic coefficient and
AT is temperature change. Gage factor k= (1 — pe) is calculated to be 0.78 and temperature is kept
constant during the measurement. According to Eq. (4.20), the resultant Bragg wavelength shift
A2 has a linear relationship with the applied strain g, thus, the strain can be obtained by measuring
the Bragg wavelength shift using an optical spectrum analyzer and calculate using Eq. (4.20).

Another parameter the proposed sensor can measure is the curvature and direction of a
bending. Although bending curvature can be easily measured with most fiber optic sensors, the

measurement of bending direction is unique to our approach, which is enabled by embedding the
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FBG at an off-center position in the z axis. According to our previous study [17], when the FBG
is embedded off-center, i.e. below the neutral line of the silicone sheet, the FBG is stretched when
the sensor is put on an object with a positive curvature (concave), resulting in a right shift in the
FBG Bragg wavelength. On the other hand, the FBG will be compressed if the sensor is put on an
object with a negative curvature (convex), resulting in a left shift in the FBG Bragg wavelength.
This observation can be explained by the pure bending model in mechanical engineering. Thus,
bending curvatures and bending directions can be measured from the amount of Bragg wavelength
shift and the direction of the shift, respectively.

The third parameter that the stretchable fiber optic sensor can measure is torsion direction.
Since the FBG is embedded at an off-center position, the FBG is compressed when the sensor has
a positive torsion (as shown in Figure 4.10(a)), resulting in a left shift in the FBG Bragg
wavelength. On the other hand, the FBG is stretched when the sensor has a negative torsion,
resulting in a right shift in the FBG Bragg wavelength.

In our experiment, a broadband light source with wavelength range from 1290 nm to 1660
nm is launched into the FBG via an optical circulator as the input light. The embedded FBG is 1.4
cm long and has a Bragg wavelength at 1550nm. The FBG Bragg wavelength is measured by an
OSA with a resolution of 0.8 pm. By analyzing the direction and the amount of Bragg wavelength

shift in the FBG, strain, curvature, and torsion direction can be measured.

4.4.2 Results and discussion
To measure the relationship between Bragg wavelength shift and tension applied to the
stretchable sensor, we fix one side of sensor on side A (shown in Figure 4.10(b)) and apply force

on side B using a pulley and different weights from 60 g to 218 g corresponding to gravity from
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0.59 N to 2.14 N. The measured optical spectra of the FBG is shown in Figure 4.11(a), that shows
a total of 0.518 nm shift in Bragg wavelength when the applied tension force increases from 0 N
to 2.14 N. The relationship between wavelength shift and applied tension force is shown in Figure
4.11(b). A linear relationship is observed with small error bars and sensitivity is 0.25 nm/N. Since
the FBG optical fiber is embedded in silicone sheet with a sinusoidal structure, the FBG embedded
sensor can be stretched and elongated by 30% when a tension force of 2 N is applied. This unique
structure enables fiber optics and FBG to be used in a stretchable sensor for the first time with
good stretching ability.

Next, the proposed sensor is tested for its bi-direction curvature sensing capability. As the
FBG is embedded at an off-center position in the z-axis, positive bending and negative bending of
the sensor will result in stretching and compression of the FBG, respectively. Since the silicone
material is soft and flexible, it can easily fit and bend alone a curved object surface. The bending
curvature C is expressed in terms of the bending radius R, such that C=1/R. Ten cylindrical objects
with positive curvatures of 5.62 m?, 8.33 m?, 13.16 m*?, 25.64 m™*, 40m™ and negative bending
curvatures of 5.69 m?, 9.25 m?, 13.51 m?, 27.02 m*, 43.48 m™ are used to study and calibrate
the relationship between Bragg wavelength shifts and bending curvature. Both positive and
negative bending results are shown in Figure 4.12(a), which a linear relationship between Bragg
wavelength shift and bending curvature for both bending directions is observed. Sensitivity of 2.3

pm/m* and 0.49 pm/m* are resulted for positive and negative bending, respectively.
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Figure 4.11. (a) Measured spectra of the FBG with different tension forces. (b) The wavelength

shifts with different applied tension force from O N to 2.14 N.

Lastly, we study the relationship between Bragg wavelength shift and torsion direction in
the stretchable sensor. Side A of the sensor is fixed while side B of the sensor is twisted to different
directions and angles. Positive and negative twisting directions are defined as side B is twisted
anticlockwise and clockwise as illustrated in Figure 4.10(a). As shown in Figure 4.12(b), when
side B is twisted anticlockwise, the FBG is stretched and an increase in Bragg wavelength is
resulted; on the other hand, when side A is twisted clockwise, the FBG is compressed and a
decrease in Bragg wavelength is observed. The larger the twisting angle, the larger the wavelength
shift is resulted. Temperature insensitive measurement can be obtained by embedding a reference
FBG at the neutral line of the silicone sheet (non-off center position) to decorrelate the temperature

effect.
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Figure 4.12. (a) Measured wavelength shifts in response of different bending curvatures for both
positive and negative bending directions. (b) Measured wavelength shifts in response of different

rotation angles for both positive and negative twisting directions.

4.4.3 Summary

A stretchable fiber optic sensor for strain, curvature and torsion direction measurement is
proposed and experimentally demonstrated. An optical fiber with FBG is embedded in a sinusoidal
structure at an off-center position in a silicone sheet. The sinusoidal structure enables a 30%
elongation of the stretchable fiber optic sensor, which cannot be achieved in conventional fiber
optic sensors. Furthermore, the off-center embedded position facilitates the extraction of direction
information in both curvature measurement and torsion sensing. Measurement of strain, bending
curvature, and torsion direction are successfully measured using the stretchable fiber optic sensor.
The soft and stretchable sensor is an excellent candidate for sensing in biomedical and soft robotic

applications.

4.5 Summary
In this chapter, we demonstrate two FBG based soft sensors for curvature sensing and 3
dimensional shape sensing. In addition, a stretchable fiber optic sensor for strain, curvature and

torsion direction measurement is proposed and experimentally demonstrated. The principle for a
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silicone sheet based sensor using pure bending model for curvature sensing is introduced. The
bidirectional soft curvature sensor is proved having good sensitivity for bending curvature
measurement. Furthermore, shape sensing based on 18 curvature sensors and an orthogonal dual
layers structure is accomplished and the 3D shape measured by the shape sensor is successfully
reconstructed. The sinusoidal structure based stretchable sensor uniquely enables 130% of
stretching and facilitates strain, torsion direction and curvature measurement. The soft curvature/
shape sensors and the stretchable sensors are great candidate for wearable devices, biomedical

devices and soft robotic applications.
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CHAPTER 5
CONCLUSIONS

In this study, several FBG based sensors for contact force measurement and shape
measurement are proposed and experimentally demonstrated. In contact force sensor approach for
cardiac ablation catheters, we develop a temperature insensitive contact force sensor for mono-
directional catheters, which measuring contact force through total reflection power and a
temperature and deflection angle insensitive contact force sensor for bi-directional steerable
catheters. A spiral structure FBG based sensor is also studied providing a directly contact force
measurement method through optical power measuring. In addition, the temperature sensitivities
of the all the proposed sensors are studied. Temperature insensitive designs or temperature
compensating schemes in normal operating conditions are incorporated to the proposed sensing
schemes, making them capable of working under different temperature conditions, which is highly
desired in many minimally applications.

Three FBG based soft sensors with different structures for multi-dimensional curve sensing
are demonstrated in our study. A bidirectional soft curvature sensor based on off-centered
embedded FBG with a flexible silicone sheet is demonstrated, which has the ability to measure
bidirectional bending curvatures. Based on this basic structure, a soft 3D shape sensor with 18
FBGs embedded orthogonally in two layers is designed and experimentally demonstrated. Bending
directions and curvatures for 18 sensing points are measured and constructed to a 3D shape of test
object. Furthermore, an approach to adapt to the requirement for stretching is demonstrated. An

FBG is embedded in a sinusoidal structure at an off-center position in a silicone sheet enables as
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much as 30% elongation of the stretchable sensor and have ability for strain, curvature and torsion
direction measurement. Above soft sensors are excellent candidate for biomedical and soft robotic
applications due to the flexibility or stretchable features.

Although different interrogation methods have been proposed for FBG based sensors,
higher resolution and faster detecting speed are always desired in practical applications. Especially
for biomedical and soft robotic applications, real-time sensing is necessary for monitoring the
deformation or movement during operation. In the future work, a low-cost and real-time

interrogation technique for FBG based sensors is expected.
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