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Abstract

In this paper, a novel feedback-based dynamic instrument integrated into a Minimally-
Invasive-Surgery (MIS) tool to evaluate the mechanical impedance of soft tissues
is presented. This instrument is capable of measuring viscoelasticity of tissues if
specific boundary conditions are known. Some important advantages of the proposed
instrument are that it is robust and simple in comparison to other similar instruments
as it does not require magnitude information of plant’s displacement output and no
force sensor is used. The precision and accuracy of the measurements of the proposed
instrument for soft tissues is noticeably higher than similar instruments, which are
not optimized to work with soft tissues.

The proposed dynamic instrument is designed to detect the frequency shifts caused
by contacting a soft tissue using an improved phase-locked loop feedback system
(closed loop). These frequency shifts can then be used to evaluate the mechanical
properties of the tissue. The closed-loop method works fast (with an approximate
resonance-frequency-shift rate of 15Hz persecond), and is capable of measuring dy-
namic mechanical properties of viscoelastic tissues, while previous focus was mostly
on static/quasi-static elastic modulus.

The instrument is used to evaluate the equivalent stiffness of several springs and
cantilever beams, mass of reference samples, and also the frequency shifts of several
phantoms with injected tumors, noting that these frequency shifts can be used to
measure the viscoelasticity of the tissues. It is also shown that the instrument can be
used for tumor localization in these phantoms.

KEYWORDS: Soft tissue tactile sensing, resonator, phase-locked loop, viscoelas-

ticity measurement
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Chapter 1

Introduction

1.1 Motivation

Tissue composition and consequently some of its characteristics, such as tissue com-
pliance, viscoelasticity, and surface texture, are changed by disease. Cancers are the
most significant classes of such diseases, and are responsible for about 13% of all

deaths accounting for 7.4 million death in the world during 2004 [3].

Tumors are generally harder than normal tissues making them possible to be de-
tected by tactile feedback. In other words, tactile feedback is necessary to discriminate
between healthy and diseased tissue. For example, breast cancer is usually a harder
region surrounded by normal regions, and prostate cancer is generally a firm nodule
that is sometimes possible to be detected by rectal palpation [4, 5, 6]. It should
be noted that a tactile feedback does not necessarily guarantee the detection of an

abnormal tissue characteristics, and the abnormality is not necessarily cancerous.

Detecting the tumours accurately is still a challenge, and many researchers are
trying to improve the existing methods. Palpation cannot give quantitative measure-
ments of the detected features and is difficult to administer as it only relies on the

surgeon’s expertise that can be erroneous or subjective [7]. Measuring the mechanical



properties of biological tissues is also required for many medical applications, such as
surgery simulation and diagnostics [8, 9, 10, 11]. In order to diagnose some parts of
the human body, surgeons sometimes need to obtain a tactile feedback either during
an open surgery or using a special tool adapted for Minimally-Invasive Surgery (MIS)

and therapy.

MIS, where the surgeon o‘perates through one or more small incisions, has become
popular due to its improved patient recovery as compared to open surgery. MIS
procedures are designed to allow mechanical access to the interior of the body with
the least possible perturbation of the patient’s physiology and are sometimes grouped
under the term minimal access surgery because it is the injury of access that is specif-
ically minimized [12]. This may result in shorter hospital stays, or allow outpatient
treatment, reducing trauma, risk of inflammation, and postoperative complications

[12, 13, 14, 15, 16, 17).

However, MIS has several disadvantages including loss of tactile feedback. Per-
forming the surgery with such impaired haptic information can lead to an increase
in tissue trauma and vital organic tissue damage, and a reduced chance of detecting
expected or unexpected tissue abnormalities, e.g. tumors. The surgeon does not have
direct tactile feedback but only indirect sensation through the tools, which generally
does not offer a “sense of touch” adequate for the surgeon, e.g. to correctly sense
tissue stiffness, or the presence of blood vessels and ducts during the procedure [13].
To restore this loss of information, instruments have been developed providing a sense
of touch to the surgeon. The size, motion, and fabrication of these instruments are
limited due to MIS compatibility. They need to fit inside a cavity with a maximum

diameter of 12mm, and be sterilizable [10, 15, 18, 19].



1.2 Techniques for measuring soft tissue mechanical

characteristics

Measuring the mechanical properties of biological soft tissues is required for many
medical applications, such as surgery simulation and diagnostics [8, 2, 9, 16|. Differ-
ent approaches can be used in testing biomaterials, divided to non-destructive and
destructive methods which are not of interest. Nondestructive techniques can be used

in open, MIS, and Non-Invasive surgeries and provide tissue information in-vivo.

It should be noted that soft tissues exhibit complex nonlinear, anisotropic, non-
homogeneous, time, and rate dependent behaviour, which are extremely challenging
to measure and simulate [20]. Fung [2] showed that, although the characteristics are
different for different tissues, soft tissues exhibit a nonlinear stress-strain relationship.
Since soft organs are composed of different materials in different combinations, their
properties are both coordinate and direction dependent. Time and rate dependent

behaviour is also common and explained by the theory of viscoelasticity.

Ongoing studies are improving soft tissue modeling and measurement techniques
under different conditions, such as small or large deformation and linear, quasi-linear,
or nonlinear mechanical behaviours, mainly to provide better equipment for surgical
and medical purposes. This section provides the necessary background and literature
review related to the measurement of mechanical properties of soft tissues, the most
important of which is the elasticity of tissues, as a widely targeted characteristic. This
paper, however, is not intended to cover all the relevant measurement techniques and

developed instruments.

One of the simplest medical diagnosis procedures to distinguish between diseased
and healthy tissues is palpation. Several other methods have been reported for mea-
suring tissue viscoelasticity associated with minimally invasive surgery, where typi-

cally local loads are applied to tissue and the force/displacement response is exam-



ined, and non-invasive surgery methods, which apply an external load to the tissue

and measure the internal strain or vibrations using imaging techniques.

1.2.1 Palpation

Palpation provides a qualitative and easy method to detect the low-frequency stiffness
difference between healthy and diseased tissues, e.g. tumors since they usually have
a higher Young’s modulus than the surrounding tissue. Surgeons still widely rely on
their natural senses. Usually, tumors overlooked by imaging techniques are discovered
during surgery by palpation [21]. A reliable quantitative in-vivo method, however, for
measuring tissue elasticity during a MIS can greatly enhance the diagnosis efficiency

of this method.

1.2.2 Imaging techniques

The majority of elasticity measurement techniques are non-invasive methods that
adopt elasticity scanning, such as Magnetic Resonance Elastography (MRE) and
Ultrasonic imaging. In MRE, a phase-contrast MRI technique is used to spatially
measure displacement patterns corresponding to harmonic shear waves [22]. Unlike
MRE which uses propagating mechanical waves, major ultrasonic methods use, for
example a quasi-static or dynamic stress as a probe [22, 23].

Acquired elasticity images have been shown to provide informative qualitative
depiction of the elasticity of materials, but not quantitative data. This is because
the applied strain field is not known or there exists no material within the strain
field with a known elasticity. One solution is to add a known material to the field
so that its strain serves as a reference to the tissue under investigation [24]. Other
known problems of imaging techniques are inability of directly capturing out-of-plane
deformations and unsatisfactory handling of high-contrast elasticity changes [25, 26].

Imaging techniques are, also, not suitable to be used inside a body cavity and to



measure the local properties of tissue. In addition, MRI and CT machines are very
expensive, and CT requires tissues to be exposed to X-rays.

As a trade-off, a number of mechanical devices have been developed to perform
measurements directly on tissues and compensate imaging drawbacks. Generally
speaking, these instruments apply a mechanical load to the tissue and capture the
tissue response (e.g. force/displacement response), from which material properties

are determined.

1.2.3 Tactile sensors

Nicholls and Lee [11] define a tactile sensor to be “a device or system that can measure
a given property of an object or contact event through physical contact between the
sensor and the object”. Many tactile sensors are instruments that measure one or more
features including displacement, temperature, pressure, force, and their corresponding
position, and measure material properties based on the gathered data. Tactile sensing
is also referred to the perception of surface texture or pressure profile distributed
across the contacting surface or continuous-variable sensing of forces in an array,
while the movement and bulk forces acting at the joints of either a human or a
mechanical arm is sometimes distinguished as kinesthetic sensing [27, 28, 29, 30, 31].
We comply with Nicholls and Lee representing tactile sensing as a general definition
and will refer to sub-categorizes as e.g. pressure-based or force-based.

These tactile-sensing instruments are mainly distinguished as stretching, shearing,
and indentation devices, graspers, and robot skins, which incorporate single sensors,
1-D, or 2-D array of small sensors |9, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. Tactile
sensors can use different methods to interpret the gathered information, e.g., from an
array of force sensors. Signal and image processing tools has been used to evaluate
the response of a tissue (noting that an array is essentially an image). These tools

incorporate time-domain and frequency-domain analysis of the captured information,



and are used to interpret the results as the desired properties of the tissue under
experiment.

We introduce some of the more advanced instruments, whose fundamentals cover
almost all the proposed instruments published in literature and becomes easy to

follow. For this purpose, these instruments are categorized as indenters and graspers.

1.2.3.1 Graspers

As previously mentioned, researchers integrated sensory channels, i.e. pressure or
force into conventional MIS graspers to restore the impaired tactile information to
the surgeon. The developed hand-held graspers can be categorized into two groups:
so-called force-based graspers employing force sensors providing local information
about a single contact point [42, 43, 44, 45|, and so-called pressure-based graspers
employing pressure sensory elements providing local information associated with a
pressure profile distributed over an array of the touching elements [46, 47, 48]. These
elements have been mounted on the jaws of a grasper in 1D or 2D pattern.

It should be noted that tissue stiffness can be evaluated by measuring force over a
surface that causes a roughly constant deformation on the tissue or by measuring both
displacement and force related data. In the former, a connection can be constructed
between the stiffness of the tissue and the force distribution using experimental and
statistical data. It is worth mentioning that as the tissue samples become stiffer, the
required force to achieve the same compression increases. For example, some studies
[46, 49] categorized tissues as soft (for normal tissues) and hard (for tumorous tissues)
based on a threshold on the measured force or pressure data. In the latter case, the
grasper can be used to track changes in the stiffness distribution over the tissue and
consequently to localize tumors by measuring rheological properties of tissues, and
yet experimental and statistical data [15, 42, 50].

In graspers, the main focus is on the fabrication of small and accurate sensors



on the surface of the grasping section in a 1-D or 2-D array. A tactile array may
consist of discrete sensors or a continuous sensor material. Some known problems of
the former are the manufacture difficulties of interconnecting wires, and cross-talking
error [33]. Some other issues in graspers are appropriate dimensions for MIS, required

high-accurate deformation/force measurement, backlash, etc.

1.2.3.2 Indenters

Previously, indenters for measuring the consistency, hardness, or stiffness of soft tis-
sues by measuring the displacement/force (strain/stress) correlation in the tissue
have been proposed [10, 16, 51, 52]. A number of studies suggest techniques based on
frequency response analysis to detect tissue mechanical characteristics. These meth-
ods have been proposed incorporating open-loop or closed-loop vibration amplitude,
frequency shift, and bandwidth analysis [6, 8, 53, 54, 55, 56, 57, 58, 59, 60] to be
discussed in Section 1.2.3.4, which are the focus of this work. A number of available
indenting instruments are reviewed, categorized as stress-strain based sensors, and

resonators.

1.2.3.3 Stress-strain based sensors

The mechanical behavior of biological tissues is governed by some stress-strain (or
displacement-force, not to be mentioned later for simplicity) relationship and related
parameters e.g. strain rate. In order to determine the mechanical properties of tis-
sues and/or developing suitable mathematical tissue models, one may capture the
strain-stress responses. Stress—strain curves obtained from experiments performed
on biological tissues have several applications including medical diagnosis, more op-
timized surgical instrument design, tissue modeling, and the production of realistic
computer-based simulators for training in minimally-invasive surgery.

In earlier works, Leveque et al. [32] proposed an apparatus for measuring the



consistency or hardness of skin tissue by measuring the displacement in the tissue,
able to avoid the need to be carefully positioned using a control circuit. Hechtenberg
et al. [9] proposed a method that uses one or more sensor arrays which are sensitive
to force, pressure, or travel, and an actuator array in such manner that one controls

the other to form a “feeling” or “tactile” unit.

Ottensmeyer et al. [10, 16] introduced an MIS instrument, TeMPeST 1-D. This
instrument is capable of measuring the small-strain (0 — 5%) stiffness of solid organ
tissues in a range of frequencies of 0 — 200 Hz by applying a sinusoidal translational
indentation. The 12 mm-diameter tool is driven to vibrate by an open-loop voice coil
motor. It collects the applied force of up to 300 mN using a high-precision piezore-
sistive force sensor and the relative displacement data using an LVDT sensor. It
then provides tissue properties based on the captured force/displacement curves and
FFT analysis. Capability of measuring the frequency response of a tissue has made
TeMPeST 1-D of interest for many researchers [16, 51, 61]. It, however, requires high
sampling intervals of up to 30s to provide the results. For proper measurements,
the indentation should be applied perpendicular to the tissue, and the tissue should
remain without motion during the acquisition time. Moreover, significant noise may
be introduced to the measured frequency-domain response using the ratio of force

and position [16].

Kalanovic et al. [51] designed a rotary shear device, ROSA-2. similar to TeMPeST
1-D. A galvanometer is used to apply torque, and a non-contact analog optical sensor
captures the relative rotations up to £15° with a resolution of approximately 0.004°.
A closed-loop positioning system is also used later to improve the bandwidth of the
system. ROSA-2, however, requires high sampling intervals of up to 100s to provide
the results, and it is sensitive to tissue motion. Requiring accurate fabrication, the
device becomes relatively expensive. ROSA-2 and TeMPeST 1-D have been compared

in [51] and the results are compatible for the common range of frequencies they can



provide.

Carter et al. [52] performs two sets of indentation tests using a stationary probe,
and a hand-held probe. For static measurement, the probe is clamped vertically over
the tissue specimen, and applies a force on the round-ended tip against the tissue at
a constant rate. The force and displacement outputs are captured by NI LABVIEW
at a sampling rate of 15Hz. In-vivo experiments on human liver are also performed
using a hand-held compliance probe during open surgery. The instruments collects
stress-strain data for an indentation depth of 5mm. The hand-held instrument can
provide stress-strain data for a wide range of deformations; however, the amount of
the deformation needs to be limited not to damage the tissue. Moreover, the device

needs to be accurately positioned for reliable measurements.

Aoki et al. [19] introduced the pipette aspiration technique as a simple method
of identifying Young’s modulus of a soft tissue. Suction is used to deform the tissue
instead of indentation, and an optical sensor is used to record the produced displace-
ment. For conducting experiments, one end of the pipette is placed perpendicularly
on the surface of the material. The pressure inside the pipette is, then, gradually
decreases so the surface of the material is aspired into the pipette. The maximum
displacement of the material, happening at the center of the pipette cross-section is
measured, and employed to calculate the modulus of the tissue. One of the main issues
in this work is to establish a connection between the data and the complex behavior
of the tissue thereby calculating the elasticity of the tissue. Numerical simulations
under the assumption of isotropic, incompressible, homogeneous, and linearly elastic
material by the linear finite element method were performed to do so. The imple-
mentation of this method and its analysis in finite element method is later extended

to broader applications and more general tissue mechanical behaviors [62, 63, 64].

Other similar procedures are also presented in literature. Miller et al. [65] used

an indenter with a spherical tip to apply a rate-controlled indentation and capture
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the force response. Kassner et al. [66] employed a laparoscopic tool, INKOMAN.
The feedback is provided by a force signal from a 3-DOF force sensor mounted at
the tip of the instrument. Naish et al. [27] used a Gamma force/torque sensor and
a handheld MIS probe to evaluate the effect of velocity control on kinesthetic tumor
localization based on tissue stiffness variations.

A .number of robotic-based devices are also proposed. For example, Trejos et
al. [28, 29] presented employing capacitive-based pressure sensors on an MIS tool.
A robotic manipulator then holds the probe to maintain either constant depth or
constant force on the tissue under experiment, and a 2D map of the pressure profile

of the whole tissue is then created, and analyzed to evaluate tissue stiffness.

1.2.3.4 Resonators

A set of other techniques are categorized as resonators, also sometimes called vi-
brotactile sensors. These instruments generally measure properties of a tissue by
vibrating in specific frequencies and analyzing the frequency response. These instru-
ments take advantage of frequency-domain analysis near their resonance modes to
measure the mechanical properties of soft tissues. Many of these methods inspect the
principles of viscoelasticity and/or mechanical resonators, or spectral analysis to mea-
sure tissue properties. The frequency and phase characteristics of the output signal
(usually the displacement of the contact point) of these instruments will change when
in contact with soft tissues. Generally, the mechanical behaviour of the instrument
changes when in-contact with another mechanical system, which is a tissue in this
purpose. The resonance frequency shifts are shown to be related to tissue elasticity,
while the change in the bandwidth of the frequency response is related to viscosity
[18, 67, 68, 69, 70].

Resonators eliminate the use of force sensors in order to capture stress-strain

data. On the other hand, these methods only provide information of the tissues
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excited by a periodic signal with a range of frequencies near the resonance of the
instrument. These methods have been used in a wide variety of applications from
surgical diagnosis and robotics to food control. Ohtsuka et al. [71] have applied this
technique to thoracoscopic operations for the localization of small invisible nodules
in the lung, while Hasegawa et al. [72] introduced an active tactile sensor working
in both quasi-static and vibrating modes to provide a tactile skin for robot arms.
Matsumoto et al. [73] used the proposed resonating tactile sensor to ascertain the
presence of a gallstone in the gall bladder of cholecystic duct during laparoscopic
cholecystectomy and also to be able to discriminate between a stone and an air bubble
during intraoperative cholangiography. In [6], the modified resonator device is used
in an 8x8 array haptic sensor for breast cancer detection. Wang et al. [74] used

frequency domain characteristics to evaluate the firmness of a fruit.
e Mechanical design

A set of studies based on phase shift circuit in a feedback network (discussed later)
[5, 6, 8, 35, 75, 76, 77, 78] suggest a tactile sensor consisting of driving and detecting
piezoelectric stack elements, mainly PZT ceramics. The actuator then oscillates along
the longitudinal axis of the instrument. The proposed instruments may suffer from
high sensitivity to the effective mass of the tissue depending on the radius of the
indenter tip. To overcome this problem, the tip of the instrument has to be built
with very small radius, which is more difficult and expensive, or becomes useful for
detecting the stiffness of cells instead of macroscopic tissue behaviours.

In [6], a modified device is used in an 8 x 8 array haptic sensor for stiffness
measurement with an elastic cover working with a digital phase-shift circuit and a
PC. Experiments have been conducted on silicones with different elasticity, and a
calibration equation is derived. Each probe has an outer diameter of 6 mm, and
length of about 15mm. It takes about 45ms to complete one set of measurements,

each performed with an approximate period of 7ms. Some advantages of this method
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are the capability of using image processing techniques to compensate for the errors
of each probes used in the array. The size, shape, and sensitivity are a number of

drawbacks of the device [6].

Other instruments applying translational indentation at their resonance frequen-
cies are also introduced [56, 57]. Harb et al. [58] proposed a probe consisting of a
stiff cantilever beam vibrated axially by a PZT element cemented on one side, and a

strain pick-up PZT element on the other side of the beam.

Valtorta and Mazza [59, 79] proposed a torsional resonator device (TRD) mea-
suring the shear modulus of tissue samples in a frequency range of 1 — 10kHz. Elec-
tromagnetic transducers are used to excite the system at its resonances and also for
measuring the motion of the tip. Typically 20s of operation time is necessary to
extract material properties in this method. For providing a more accurate analytical
model, any sliding between the resonator and the tissue should be avoided. There-
fore, a crystal silicone with micro opening is used at the tip where the body of the
instrument is a tube, and the tissue is clamped to the tip by reducing the internal
pressure of the tube. With this structure, the tissue is not damaged. Due to the small
contact area, a local characterization is achieved. It is, however, relatively costly in
comparison to the instruments that do not require a fabrication accuracy in the order

of microns.

Mechanical resonators working based on the same principles but having the res-
onance frequencies of the system lie in a lower range are also proposed [18, 54]. As
shown in Fig. 1.1, extra spring-mass systems are incorporated into the instrument.
The resonance frequency of the instrument is kept low enough to filter out the effec-
tive mass of the tissues, and to make tissues exhibit more informative behaviors (e.g.
viscoelastic behaviors); at very high excitation frequencies, tissues begin to behave
linearly thus exhibiting only their elasticity [2, 18, 54]. Other advantages of using a

more compliant instrument are that it allows the tool to conform to a wider range
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Figure 1.1: Low-frequency resonance mechanical resonator

of tissue stiffness values while minimizing the contact forces. In case of poor control

over contact forces, it is also beneficial in smoothing the mechanical impacts [80].
e Detection of frequency-domain characteristics

Now that the mechanical instrument is designed, the desired frequency-domain char-
acteristics need to be determined. Vidic et al. [53] has analyzed the response of a
resonator using a spherical indentation tip in two modes: monitoring the frequency
at constant phase, and monitoring the phase at constant frequency. Relationships
have been derived for the equivalent mass-spring-dashpot model of the semi-infinite
material, and have been verified by several experiments.

Another method of resonance frequency shift detection is a Phase-Locked Loop
(PLL) system [54, 57, 58, 67]. Barthod et al. [57] used a PLL with a resonator in
an open-loop system. The VCO generates a sinusoidal wave in a range of frequencies
between a minimum and a maximum desired frequency, where the signal is modulated
by a triangular wave. When the system reaches to a desired state, i.e. the resonance,
the resulting frequency is displayed. A fairly generalized closed-loop PLL system for
a resonator is presented in this project. The most significant advantages of a PLL
system are its robustness and noise rejection capabilities. A PLL system, however, is
a very nonlinear system, so it is hard to be analyzed using linear control theory [81].

In 1992, Omata et al. [35] introduced automatic near-resonance shift detection
based on a phase shift circuit in a feedback network. The feedback network consists
of the sensor element, amplifier, and a phase-shift circuit. When the sensor makes
contact with a material such as a tissue, the phase of the output signal shifts (A#é;).
As a result, the feedback circuit, which has the necessary phase shift, makes the

oscillating system adjustments by shifting the input signal (A6;) and satisfying a
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phase zero condition, Af; + A, = 0. Lindahl et al. [68] states that this method of
excitation can provide higher sensitivity and linearity since it works at slightly higher
or lower frequency than the resonance frequency and achieves higher signal-to-noise
ratio than standard oscillation circuits. It should be noted that a PLL can also be
designed to work at near-resonance modes [54, 58, 81].

The generic proposed method as it works at very high frequencies, however, may
lead to high elasticity measurement errors. This issue is discussed based on Murayama
2008 [6] with an example. In their results, the in-contact A f, with elastic modulus of 0
can be read approximately —4500 Hz, while in-contact with a tissue having a modulus
of 50KPa, it reads about —3500 Hz. Now assume a +10% deviation in the density of
tissue from an expected density; it leads to a Af, of £450 Hz, which leads to about
50% error in measurement of tissue elasticity. To filter out the inertial parameter
of the tissue, Murayama [6] has conducted experiments on silicones with different
elasticity, and calculated a calibration equation. One can see that this equation itself

produces error in the correct measurement of Young’s modulus.

1.2.3.5 Free-form vs. robotic measurement

Measuring soft tissue properties using mechanical tools during a minimum invasive
surgery can be performed using (a) a free-form measurement, which typically involves
the use of a hand-held probe, or (b) a robotic measurement, where the probe is
attached to a robot arm [20]. The major advantage of a free-form probe is that
unexpected and risky movements are unlikely to happen and better control over
the instrument is available in case a simultaneous decision were required since the
surgeon manually controls the probe. Hand-held probes, obviously, are cheaper than
a robotic system. The disadvantages include non-repeatability and lack of an exact
reference point for displacement measurements [52]. In the case of static or quasi-

static indentation devices, it is not easy to keep the probe stationary during the
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measurements and hence the reference point changes as the probe moves, but this
problem can be solved using devices that work is high frequencies thereby reducing the
effects of low frequency disturbances mainly made by surgeon’s hand. As mentioned
before, robot arms are also used to provide a precisely controlled positioning system
for the attached indenter. Using a robotic arm, the problems related to actuation
and positioning is solved. The experiments are repeatable, automatic, and with no
reference point problem, as the indenter tip coordinates can be acquired with respect

to a fixed coordinate frame [20].

1.3 The proposed instrument

Until now, the features of a human skin and its connection to tissue properties have
not been fully researched. It is still an open research to investigate to what degree the
hardness, softness and/or other properties of tissue depends on the contact area, the
contact pressure, the thickness of the contacted material, the structure of tissue, etc.
While there are currently many types of tactile sensors in use in a variety of fields,
sensors fulfilling the above conditions have not yet been fully developed. Moreover,
tactile sensors do not directly measure viscoelasticity [18] as an important property
for understanding the conditions of tissue. Nevertheless, these sensors still gather
informative data that can be used in several applications such as endoscopic graspers
[13], MIS tools, and robot tactile skin.

The proposed resonators, presented above, either are not capable of being MIS,
or are only based on simulations, or may lead to big errors depending on the effective
mass of the tissue and the relevant assumptions. Another issue that applies to many of
the studies over tactile sensors is capability of and optimization for measuring tissue
properties in-vivo, i.e. performing the measurement on the patient’s tissue during

the surgery. Recent experimental studies report that mechanical properties of soft
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tissues obtained through in vivo measurements are different from properties obtained
through measurements under other conditions such as in-vitro, in-situ, and ex-vivo
[16, 64, 82]. In vitro or ex vivo measurements are performed outside the body under
well-defined boundary conditions.

Furthermore, resonators that are optimized for measuring the mechanical prop-
erties of soft and very soft tissues have not been considered in literature, and the
feedback system is not studied properly.

In this thesis,

1. The relevant principles are described, and the mechanical design of the dynamic

MIS instrument integrated into an MIS tool is introduced.

2. A state-space model is constructed for the system. The model is then analyzed
parametrically and numerically, and the affecting criteria and conditions on the

design of the instrument are discussed, and used to optimize the system.
3. The PLL-based feedback system is described.

4. A number of finite-element and lumped-parameter simulations are performed
to ensure satisfactory performance of the instrument and to understand and

analyze the behaviour of the proposed system.

5. Experiments have been performed to validate the performance of the instru-
ment, to measure the mechanical properties of cantilever beams and springs,

and localize the tumours in soft phantoms.

6. Conclusions and future work are discussed.

1.4 Contributions

A list of contributions and advantages of the proposed system are as follows:
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. The proposed instrument is designed to provide mechanical properties of the
tissues in a low range of frequencies in contrast to other resonators used for
the same application. Both elastic and viscous properties are present at lower
frequencies, while viscous properties become negligible at very high frequencies.
Moreover, working at lower frequencies the effect of the density of the tissue is

minimized.

. An optimization procedure is introduced for measuring the properties of soft
tissues, and consequently the precision and accuracy are highly improved in

comparison to similar instruments.

. The instrument can be easily disassembled, and it is sterilizable, so it is appro-

priate for surgical environments.

. A PLL-Based feedback system, incorporating an extra feedback loop (comparing
to common PLL systems) is employed to detect the resonance or near-resonance
frequency shifts of the dynamic low-frequency instrument. A generalized feed-

back system is introduced and described.

. A novel numerical method for correlating the tissue parameters and the changes
in eigenvalues of the system is also presented. This formulation can consider for
an nth-order approximation. It is later shown that the 2nd-order approximation
improves the accuracy of the measurements up to 12%, while all other studies

consider a linear correlation.
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Chapter 2

Mechanical system design

2.1 Principles

2.1.1 Principles of viscoelastic materials

Soft tissues can be modeled as viscoelastic materials. These materials themselves
are characterized by their viscous and elastic properties. For a slice of material
- with cross-sectional area, A, and thickness, T, subject to a sinusoidal load, F(t),
the corresponding displacement function, x(t), is given. The cyclic stress, o on the
sample material is found by dividing the input load by the cross-section area, and the

resulting cyclic strain, ¢ is found by dividing the displacement by the thickness.

In a material possessing purely elastic behaviour, all the energy stored in the
sample by applying a load is returned when the load is removed. Therefore, Hooke’s
law (2.1) applies where the modulus is defined as the ratio of stress to strain and the
stress is proportional to strain. In other words, the stress and strain curves in time
domain move completely in phase. Stiffness is then defined as the resistance of an
elastic body to deformation by applied force [69]. This is one of the most important

characteristics of a soft tissue.
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(2.1)

On the other hand, in a purely viscous material, all the energy is lost in the form
of damping when the load is removed. In this case, the stress is proportional to
the strain rate, and this ratio (2.2) is known as Newtonian viscosity or simply the
viscosity, . Damping is any effect that tends to reduce the amplitude of oscillations of
an oscillatory system. For a purely viscous material, the force applied to the material

is proportional to the velocity by viscous damping coefficient, c.

(2.2)

For all others that do not fall into one of the above extreme classifications, some
of the energy stored is recovered upon removal of the load, and the remainder is
dissipated in the form of heat. The cyclic stress at a loading frequency is out-of-
phase with the strain by the loss angle § (0 < 6 < 7/2). The angle § is a measure of

the materials damping level; the larger the angle the greater the damping [69)].

For a viscoelastic material, the dynamic modulus, E* is represented by a complex
number, where the real component is called storage modulus (usually shown by E; or
E') which relates to elastic behaviour of the material, and the imaginary component
is called loss modulus (F; or E”) which relates to viscous behaviour of the material.

This complex modulus can now be used in Hooke’s law [69].

€ = gq sin(wt) (2.3)
o = ggsin(wt + 6) (2.4)
E*=E +iE" = E +iwne = E'(1 +42¢) = 2™ (2.5)

€o
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"

" (2.6)

tand =

where 7, is the equivalent viscosity of the tissue (defined in Pa.s), or essentially a
non-viscous viscosity for mathematical convenience, and (, is the equivalent damping

ratio of the tissue. A similar term is also defined for shear modulus of tissue material.

G* =G +iG" =G +iwn, = G'(1+142(,) = ;—"e” (2.7)
. 0

noting that F, G, and bulk modulus, B are interconnected as below.

E =3B(1-2v) = 2G(1 +v) (2.8)

where v is Poisson’s ratio. Since for biological soft tissues, v is about .5, it is very

hard to estimate E from B though.

The properties of viscoelastic materials are influenced by many parameters, in-
cluding frequency, temperature, dynamic strain rate, static pre-loads, boundary con-
ditions, time effects such as creep and relaxation, aging, etc [2, 69]. In other words,
the complex modulus needs to be defined as a function of these parameters, most
important of which is frequency and temperature effects. As this study is focused on
soft tissue viscoelasticity measurement on environment and/or in-vivo temperature,
the effect of temperature can be neglected, and a simple yet effective tissue model

can be employed, i.e. a viscoelastic material.

The design of the instrument is significantly related to the damping factor of the
tissue. Unfortunately, damping parameters vary enormously, and authors often do not
provide the information related to damping. Therefore, it is necessary to recognize
methods of estimating damping factors to be able to extract them from the literature.

below, a brief description of standard methods is presented.

The viscous damping is most often represented by a damping ratio (, given below.
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(=< (29)

where for a simple spring-dashpot-mass system,

co = 2vV'mk | (2.10)

A quantitative measure of damping is achieved by estimating the bandwidth of
stiffness transfer function of the material. In this case, the material damping, g,
equals the ratio of the system’s bandwidth to the resonance frequency, f.. Another
representation of damping for this system is the quality factor, @) as the ratio of the
response magnitude at resonance to the static magnitude. The quality factor is also

defined as

_¥
Q=7 (2.11)

The damping is then defined by the following equations.

1 Afsqp  Awsqp
= _ =9 = = 2.12
=0 ¢ T o (2.12)

where A f3zp and Awsyp represent the bandwidth corresponding to the cutoff fre-

quencies above or below the peak frequency where the output signal is attenuated by

3dB.

2.1.2 Basic tissue models

Some simple rheological models for solids include Hookean material, Voigt material
(VM), and standard linear solid material (SLS) [69]. The structure and laws for these
material models are summarized in Table 2.1. There also exists modified versions of

the described models in the literature, and generalized models are also incorporated.
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Table 2.1: Simple soft tissue models

| | Structure | Formulation
E
Hookean model | ®=——WA—9 o= FEe
E
Voigt model ._{1_}_‘ o= Fe+ne

SLS model |

These simple models can be modified to have extra components. For example, a VM

model with mass (VMM), also called a mechanical impedance, includes an effective

mass on the surface contacting an indenter.
Several common responds of a tissue model are briefly described.

During a relaxation test, the strain history is prescribed as a step function. From
the numerous existing mechanics literature, one calculates the so-called relaxation
curve E(t) [2, 69]. One can see that for a SLS model, the stress decreases exponentially
from the initial value to the asymptotic value. This phenomenon is generally denoted

stress relaxation [69].

In a creep test, the stress is assumed to be a step function, and the so-called
creep curve is calculated. The ratio of the creep curve ¢(t) to oy is called the creep
compliance J(t). From the derived equation, one sees that for a SLS material, the
strain increases exponentially. This phenomenon is called creep or stretch retardation

[69)].

Previously, the material behaviour of a linearly viscoelastic solid was considered
under oscillating load in terms of complex modulus. A SLS material yields the fol-
lowing relations for the complex modulus. The frequency-dependent behaviour of

complex modulus of a SLS material is visualized in Fig. 2.1.
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Figure 2.1: (Left) Storage modulus of a SLS material (Right) Loss modulus of a SLS
material
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It can be seen that with increasing frequency the stiffness also increases. This
behaviour is called dynamic stiffening. One can also see that the loss modulus dis-
appears at very low and very high frequencies, that is the material behaves purely

elastic.

2.1.3 Resonance frequency shift of a mechanical impedance

A number of studies measure the stiffness of biological or non-biological tissues using
the resonance frequency shift (Af,) phenomenon as described before. Ideally, the
effective stiffness of the material increases A f,, while the effective mass reduces A f,.
The effective damping of the material increases the bandwidth of the system, A fi4p,

so the damping factor can be determined as prescribed in Section 2.1.1.

A number of studies measure A f, at very high frequencies using a PZT transducer
[8, 6, 35, 76]. Since they are working at very high frequencies, the damping of the
material is completely negligible, so Af, is only affected by the effective mass and
the stiffness of the material. However, if the transducer is resonating at very high

frequencies, the effective mass will dominate the changes in Af, of the system. In
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their studies, they have categorized Af, = Az‘;’r’ in two different equations as follows.

—kgmn (g 5> 1, k,, small
Aw, = s ) (2.14)

b (a<<1, kybig)
where my, kg, Zp are the instrument’s effective mass, stiffness, and mechanical impedance
respectively, and m,,, k,, are the material’s effective mass and stiffness in a lumped

parameter spring-mass system. Equation (2.14) implies that for a soft tissue (small

k) the effective mass of the tissue dominates the stiffness of the tissue as expected.

The mechanical impedance of a spring-dashpot-mass system is defined as the
transfer function between the applied force and velocity. The above equations hold
for a system with an effective mechanical impedance, and can be written in the closed

form below when employing a quartz resonator [83].

Ay —iAf = %% (2.15)

where Z is the effective impedance of the sensor at the initial resonance frequency, fo
is the non-contact (initial) resonance frequency, Af is the resonance frequency shift,
Ay reflects the half-width of the resonance, and Z; is the load mechanical impedance,
defined in (2.16). It should be noted that Ay directly relates to the change in the
real component of the corresponding eigenvalue of the system, and thus the change

in damping. One may refer to [83] for detailed formulation.

km .
Z; = MpWi + Cpy, — —1 (2.16)
w
At very high frequencies, as said before, the effective mass of the material dom-
inates in the mechanical impedance. Therefore, the Af becomes negative when the
instrument is in contact with a soft tissues, and positive when in contact with a very

stiff material [35, 8, 76, 77, 6]. This means that as far as the instrument is used to
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measure elasticity of soft tissues quantitatively, they need to determine a value for
the effective mass. This can be done by assuming an average effective density for the
tissue about that of water, but this assumption may lead to high errors in detection
of stiffness. A discussion of this was conducted in Section 1.2.3.4.

The resonance frequency shift phenomenon can also be interpreted using a lumped
parameter state-space system model. In later chapters, a complete state-space model
of the system will be designed, and the frequency shift and bandwidth of the system

is found through numerical approximations.

2.2 Instrument layout

The proposed instrument, shown in Fig. 2.2, consists of two springs and masses
combined together to form two resonance frequencies below 100Hz as explained in
Section 3.3. The springs and masses, actuator, and the sensors can be placed in
different layouts each have their own benefits, while it is still theoretically possible to
reach the same performance from this layout with different design parameters from
another design. Practical mechanical design issues, however, dictates the simplicity
of the instrument’s physical design, i.e. the placement of sensors and actuator, their
wires and other electrical components [54]. The instrument fits into an MIS tool with
an diameter of 11.5mm, and it weights about 100g. Some of these issues are listed

as follows:
1. Easy implementation and safe wiring, and possibility of easy shielding.
2. Commercially available and cheaper components that best fit for the design.
3. Easy assembly and dis-assembly, thereby being easily sterilizable.

Therefore, a design layout that corresponds to a simple prototyping is selected, shown

in Fig. 2.2, where the actuator is placed at the end of the instrument. The actuator
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Figure 2.2: Design layout for MIS instrument

can be placed at both ends of the instrument or at the middle of the instrument;
however, the wiring of the actuator complicates the design of the device due to MIS
size limitations. To form two resonance frequencies, two mechanical resonance modes

need to be created using springs and masses.

2.3 Transducer selection

2.3.1 Displacement sensors

To measure the displacement of the tip mass and proof mass of the tool, which are
dependent to the deformation of the tissue, two displacement sensors are employed.
In order to capture the resonance frequency shifts (to be explained more later), it is
only necessary to measure one of the aforementioned displacements, however, both are
employed, so it is possible to study the behaviour of the instrument more thoroughly.

To avoid introducing extra friction to the system (such as would be present in
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a potentiometer), non-contact position sensors were considered for the design. A
summary of advantages and disadvantages of these types of sensors is provided in
Table (2.2). Non-contact displacement technologies are increasingly being used for
precision measurement, most of which are Linear Variable Differential Transformers
(LVDT), capacitive sensors, inductive (Eddy current) sensors, laser sensors, and op-
tical encoders. It is considered that the instrument should remain as less expensive
as possible as opposed to using a laser interferometry. The sensor is also required
to fit within the confines of a 12mm MIS tdol shaft. Many displacement sensors,
such as commercially available optical encoders [16], satisfying a reasonable range
and resolution fail to maintain this criterion. Moreover, the structure and wiring of
the commercially available capacitive and inductive sensors does not allow for an easy

layout of the system i.e. easy to assemble, and they become relatively expensive.

As the instrument is supposed to work at room/body temperature, maybe in some
wet or polluted environment, but in a non-magnetic environment as in a surgery room,
an LVDT sensor is the best choice. The LVDT sensor is required to provide enough
accuracy and a proper frequency response. It should be able to work with enough
high frequency modulated signal, so that the delay caused by the sensor is minimized.
It should be noted that this delay can directly show itself in the measurement of
resonance frequency shift Af,. The shape of the LVDT is also important. It should
fit within the tool shaft, and have its wires come out form the sides of the LVDT
in order for them not to touch the moving parts. In this case, the LVDT body is
fixed to the shaft of the instrument, while the core is moving. Schaevitz 050-MHR is
selected for the purpose of this work. Numerical criteria for this selection is presented

in Section 3.3.



Table 2.2: Summary of non-contact displacement sensors

Advantages ]

Disadvantages J

Eddy Current

Can be used on all metals.
It is small size.High
temperature range. Highly
accurate. Immune to
changes in measuring gap.

Output and linearity
depends on the target. The

~ diameter increases as the

measuring range increases.
Moderately expensive.
Improper structure for the
design for commercial
SEnsors.

Capacitive

High linearity and
resolution against metal
targets. high thermal
stability.

Sensitive to the sensor gap,
only clean and dry
applications. Metallic parts
must be insulated,
complicating the design.
Sensitive to temperature.
Comparably large.
Improper structure for the
design for commercial
Sensors.

Highly linear. High
resolution. Simple in
structure. Light. Easy to
assemble and design for our
case.

Sensitive to a magnetic
field. Low in output power.
Temperature sensitive.

Laser interferometry| LVDT

Small beam spot. Long
measuring ranges.
Independent of the target
material.

Large. relatively clean
optical path is required.
specific sensor
alignment/calibration is
required. Very expensive.
The structure of the sensor
is not appropriate.

28
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2.3.2 System actuator

One of the main components for the instrument design is its actuator. The selection
of the actuator has direct relationship with the performance of the designed system.
Therefore, different actuation types have been studied, and the best choice is selected.
An overview of the advantages and disadvantages of several considered actuation
systems is shown in 2.3.

Mechanical actuators typically convert rotary motion of a control knob or handle
into linear displacement via screws and/or gears to which the knob or handle is
attached. They are mostly not as accurate as what it is required for this design.
Extra circuitry, mechanical components and feedback system design may be required
in comparison to other available actuators.

It is possible and also cost and complexity-efficient to achieve a direct linear ac-
tuation. The available moving coils that could produce high enough stroke were not
as small as required in MIS, and their response is also not as robust and reliable as
piezoelectric actuators. A feedback system would have been necessary for controlling
the position of the coil for the proposed system.

A piezoelectric actuator, on the other hand, can produce small enough motions,
IS proper in size, and improves positioning performance of the proposed instrument.
Very high voltages correspond to only tiny expansions. As a result, piezoelectric
actuators can achieve extremely fine positioning resolution, but also have a very
short range of motion. In addition, piezoelectric materials exhibit hysteresis which
makes it difficult to control their expansion in a repeatable manner. These issues are,
however, not problematic for our case. A brief review of piezoelectric materials and
actuators is hereby presented.

A piezoelectric actuator works based on the phenomenon called the piezoelectric
effect. The piezoelectric effect is a property of certain materials in which applying

a voltage to the material causes it to expand. Piezoelectric materials are crystalline
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Table 2.3: Summary of linear actuators
Advantages Disadvantages

Cheap. Repeatable. Self

contained. ldentical Many moving parts prone
behaviour extending or to wear. Relatively big.
retracting. DC or Stepping Relatively low resolution.
motors.

Simple design. Minimum of

moving parts. High speeds Low force. Size. Bad
possible. Self contained. structure. Needs a feedback
Identical behaviour control.

extending or retracting.

Very small motions
possible. Robust. High
power capabilities.

Short travel. High voltages
required. Expensive.

Force, position and speed

are controllable and Requires position feedback
repeatable. Capable of high to be repeatable. Relatively
speeds and precise big.

positioning.
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solids with an electric dipole moment sensitive to both elastic strain and applied
electrical field. Stresses and strains in a piezoelectric material are related to each other
by the Young’s modulus of the material. Moreover, an electrical field is generated by
material’s stresses through the inverse piezoelectric effect. This electrical field itself
is related to the material’s electrical displacement since these materials are dielectric.
The governing equations of a piezoelectric material are described in four equivalent
types of consecutive equations. Equation (2.17) is used in this project everywhere for

consistency.

£ —SE(U+ (FE
(2.17)

D = da + eaE

where sE is the compliance matrix (compliance data was measured under a constant
electric field), d is piezoelectric coupling terms matrix, and ea is the permittivity
matrix (permittivity data was measured under a constant stress field).

Most of piezoelectric actuator manufacturers provide compliance and permittivity
matrices tested under constant fields, so these equations are best described for static
and quasi-static applications. For dynamic applications some changes may occur, for
example, the dynamic stiffness of the piezoelectric actuator may become larger than
static stiffness. There exist a number of piezoelectric actuator types commercially
available. These types are described in brief below, where based on the requirements
of our application and the existing trade-offs, a stack actuator is selected for the

prototype.

2.3.2.1 Piezo stack actuators

The easiest way to produce a linear motion using piezoelectric materials is to use a
stack actuator in a multilayer construction. Stack actuators are composed of several

piezoelectric layers, and are produced in different dimensions based on the require-
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merits of the application. The height of the stack is chosen to provide the required

displacement, and the cross-sectional area is selected to provide the force capabilities.

2.3.2.2 Piezo bending actuators

Piezoelectric benders act similar to bimetallic benders. An electrical field applied
across the two layers of a bender results in one layer to expand and the other to con-
tract. The net result is a curvature in the structure leading to desired displacement.
Piezoelectric benders produce relatively high displacements, but act at lower speeds,
and provide very low force.

So-called disk translators also belong to the group of bi-morph piezo actuators,
and provide faster response and higher force than benders for both static and dynamic
applications. Compared to stacks, disk translators provide relatively large travel range
in an extremely small package. The only limiting option is the large diameter of the

commercially available actuators.

2.3.2.3 Piezoelectric tubes

Tube actuators are hollow actuators that produce axial and/or radial deformations
while the electrical field is applied to radial axis. These actuators have larger diameter
and shorter length in comparison to stack actuators. Because of the dimensional
requirements of the proposed system, the fact that only axial deformation is required
for the purposed of this project, and the nominal deformation and force specifications

of the tubes, these type of piezoelectric actuators are not desirable.

2.3.2.4 Amplified piezoelectric actuators

Amplified piezoelectric actuators are long-stroke linear actuators working based on
the expansion of the active material and a mechanism for amplifying the displace-

ment. These actuators provide an interestingly higher range for comparable force and
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displacement specifications, but the direction of the produced displacement and their

shape is a big disadvantage for this application.



Chapter 3

System modeling and optimization

3.1 State-space modeling

3.1.1 Piezoelectric stack actuator modeling

The piezoelectric actuator integrated in the instrument helps to minimize the size
and to improve positioning performance. It provides accurate and strong actuation,
allowing the instrument to capture the results more reliably. In order to analyze the
behaviour of the instrument more accurately and optimize the system parameters, a
simple model for the piezoelectric actuator is considered. The first governing equation
of a piezoelectric material can be simplified to be used in a stack actuator, which
essentially is composed of n layers of a single-layer actuator. ldeally, a stack actuator
only deforms in the axial direction, so a one dimensional governing equation can be

used to define stack actuator’s behaviour.

AL = OdFprodoed T (3 1)

where

1 /kps~L/A, (3.2

D
1



L is the length of actuator, A is the cross-section of actuator, Vjpmis maximum possible
voltage applied to actuator. Fp0is maximum blocked force, and kp is piezo actuator’s
stillness. A static model of the stack actuator is equivalent to an active spring whose
displacement is linearly dependent on the applied force and voltage. For a dynamic

response, the mass of the stack, rap, and a damping coefficient, cp, are also considered.

3.1.2 Non-contact setup

The lumped-parameter model of the system is represented in Fig. 3.1. If the dis-
placement of actuator, proof mass, and tip mass axexp, x\, and x2 respectively, then

the state vector of the system is defined as

X = (X1,X2,Xp,X1,X2,Xp)T (3.4)

Putting together the equations of motions of the proposed system, the following
state-space model is derived for the instrument in non-contact setup. When km =

mm —cm = 0, the instrument is working in non-contact.

X —Agx+ BOu (3.5)

where
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Figure 3.1: Lumped-parameter system model
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and u equals the input voltage to actuator from amplifier.

3.1.3 In-contact with a VMM model with mass

When in contact with a tissue, the instrument has a different state-space model
generating the RFS. It is desirable to be able to apply these changes into the model
in a way that the tissue components are distinguishable. This is met using a Voigt
model [2] with mass (VMM), also referred to as the mechanical impedance. The

state-space model in this case becomes

X = Ax + BOu, (3.6)

where
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3.1.4 In-contact with a SLS model

A state-space based on a SLS model requires an extra state in the system, i.e. between
the dashpot and spring in series in the model. The complex modulus of a SLS model
changes according to Fig 3.2. The state-space equations are provided as follows. Note
that a SLS model with mass can also be implemented using the same concept using

VMM.

0 0 0 i 0 0 0
0 0 0 0 0 0
0 0 0 0 0 1 0

k\+ k2 bz ki c1+C2 c2 a o

m m m m m m

hz k2+km 0 SZ. C2+Cm 0 kml

mo mo mo mo mo
ki ki+kp ci Cl+Cp

Trip 0 m p m p 0 mp
0 kml 0 0 0 0 __kml

Cm1l Cml

In this model, cmi should always remain nonzero. Moreover, both VMM and SLS

models provide a 3-DOF mechanical impedance model. Therefore, VMM is preferred
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Figure 3.2: Plot of the components of the complex modulus of a generic SLS model
versus uT. E\, E2, and T are tissue parameters [2].

for resonators [2, 8, 10, 16, 52, 60, 67, 69, 84] as it satisfies the same DOF, is easier
to implement and has no numerical limitations. It should be noted that for having a

better time-domain response for the tissue SLS is preferred.

3.1.5 In-contact with other tissue models

Any other tissue model can be simulated numerically using a feedback system shown

in Fig. 3.3. The instrument model is given below.

(v
X = AOXx + Bi (3.7
u J
where
0000 o

0 0 0 0 /ﬁﬁp
For an improper tissue model, it is necessary to integrate the tissue model into
the instrument state-space model thereby constructing a larger state-space model.
The SLS with/without mass model transfer functions, for example, can be used as

given below, while the improper transfer function of SLS with mass model has to be
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Actuator
input

Figure 3.3: Simulation procedure for generic tissue models

integrated into the instrument’s model to allow appropriate simulation.

F CljixTiLyyis F o!— _ F "mh" - (3.9)
X2 cmiS F kmi
F . F kmh~ d (3.9)
X-2 mm~o cm\s + kml

3.1.6 Discretization

In digital control of continuous-time systems, it is required to convert the continuous-
time state space to discrete-time state space equations. Such conversion can be done
by introducing fictitious input and holding devices using the following equations [85];

the error caused by discretization is negligible using a sufficiently small sampling time,

A= eAT,T = A~1{A-1)B (3.10)

x[k F 1]

xR F reffc] -

y[K] Cx[k] F Du[k\

3.2 Parametric model analysis

In order to identify system parameters in the non-contact setup based on experimental

frequency response of the system, we need to derive the transfer function of the system
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parametrically. System outputs are the displacements of proof and tip mass, and

system input is input voltage. For kp» Ag 2, mp->0we get

Xi _ Np(cis + ki)(mtjPs2+ ¢ + k2)/kp
V  derlas4+ den\s3+ denZ2+ den”s + den4

X2 Np(cis + Ag)(c2s + k2)/kp
V  den0s4+ denis3+ den2s2+ den3s 4- den4d

where
den0= mtipm
deni —mc2+ mfi(ci + c2)
den2= CiC2+ mk2+ mtiP(kl + k2)
den3 = k2ci + kic2
dend = k\k2
We also have

_ 1
\Y Np(mps2+ kp)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

The system’s transfer functions when in-contact with a tissue can also be derived,

but it is not necessary to have them parametrically as they are not to be used for

calibration of the instrument.

Based on the system’s state-space model, the resonant frequencies of the system

are found analytically based on eigenvalues of system matrix A[86]. Formulating all

the eigenvalues of A is unnecessary as the resonant frequencies of the piezoelectric

actuator and damping factors in the model do not really interfere with the other res-

onance frequencies. A generalized formulation can be found in mechanical vibrations

literature [86]. Therefore, applying the following conditions which essentially ground
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the actuator, one can find system resonant frequencies as follows.

mp—»0, kp» ki, k2

mk2+ mtip(ki_+ k2) £ \f"k (3.20)
2mtipm

where

At= (mk2+ mtip{ki + k2))2- 4mtipmkik2

With a similar procedure, one can find the following equations for system damping

ratios.
mc2+ mtip(ci +c2)+ s/Kc
2(Cwn)l,2 — g:n fipm ) (3.22)
where
Ac= (mc2+ mttp(ci + c2))2-4raijPmcic2
Finally, the system’s damped natural frequencies are calculated below.
= w,aV/l - Ci (3.22)

In order to correlate the frequency shifts and bandwidth changes to the parameters
of a viscoelastic material, an approximate linear method is used to estimate the shifts
in the eigenvalues of the system model, where the eigenvalues are directly correlated
to the frequency shifts and bandwidth changes. Vidic et al. [53] previously illustrated
monitoring frequency at constant phase and monitoring phase at constant frequency
in a general form without solving the equations for the system model. In this work,
an approximate linear relationship between the tissue parameters and the eigenvalues

of the instrument (to be used within the PLL system described in the next section) is
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derived. Accordingly, the eigenvalue shifts can be measured by the feedback system,

and the mechanical impedance can be calculated based on this approximation.

Assume that we have (3.23) for non-contact condition, and (3.24) when instrument

touches a tissue, and note that the eigenvalues of the system are distinct.

Po(AP) — |A/- A(P)\ (3.23)
P(AP) = [A+AA)-(A(P) + AA(P))]
« Po(A,P) + APO(AP) (3.24)

where A(P) is the system’ P-varying matrix in (3.6), Ais the eigenvalues of the
system, and P = { } represents a vector of tissue parameters (e.g. mass rnm, spring

rate km, and damping coefficient cm).

Working at resonance modes, (3.23) and (3.24) are made equal to zero. Employing

Taylor series, we also have,

AHg a OTh (APDS -

dpi OO 3]
AHU) A (aaky (326)

Afco. Po
thereby

ahO(\,p)"y ,ahS +E T. H (3.27)

j j i
h =h0+'£ A<>+E E =0 (328)

3 J .

Although the generalized higher order approximation can be easily used, For small
tissue parameters, a linear approximation of the error caused by the tissue parameters,
and a 2nd order approximation of the error caused by the changes in eigenvalues

proved to be the most both cost-efficient and accurate approximation by experimental



results. Therefore, we get,

where

i>HIAN+ MAA*)I= -£AFIE\

d\ AQR)

laz2no

2 dh2 Afco.Po

(3.29)

(3.30)

(3.31)

Solving at non-contact nominal condition for a VMM model by numerically calculat-

ing the partial differentiations, we get,

where

b\IAXKk + b\2(AAfc)2 —bk\Akm + badAcm+ bm\Amm

BXAXK + b\2(AXK)2 = bk2Akm + bQAcm - bm2 Amm,

@ T Cil, ver ¢ GI wmi G GZ

k2 = G+ GZ sz = —@—=GI, bm2 = Go —Cni,

(3.32)

(3.33)

and g is some positive real value. Assuming that the instrument is initially working

at non-contact (fon® = cnD = ramo = 0) and small change in the bandwidth of the

resonance modes, we have

AA « 2nfrA(D+ Afr

(3.34)

Replacing (3.34) into the linearized (3.32) and (3.33), the mechanical impedance

of the tissue under indentation is linearly calculated. Also note that the eigenvalues



with a positive imaginary part have been taken into consideration, therefore,

2-rtfrl~"Col ~ QCm (3:35)
2€fr2/Co2 ~ @n (3.36)
Afrl ~ Clkm  "S777m (3.37)
Afr2~ Qkm  QiTTIm (3.38)

It should be noted that assuming b\2 —O0, a linear approximation is derived that
should be equal to (2.15), while employing b\2, equations (3.35)-(3.38) become 2nd-

order.

3.3 Numerical considerations

3.3.1 Nominal tissue/phantom parameters

Unfortunately, there does not exist a complete and consistent set of parameters even
for a basic soft tissue model. Most of the papers are only focused on the Young’s
modulus of the tissue, and do not provide any other information. Some of the studies
work on extensive parameters, while other work on intensive parameters. It is also
the case that the tissue model/parameters are affected by the pre-load, frequency,
etc.

The goal of this research is to design a dynamic instrument to measure dy-
namic mechanical properties of biological soft tissues at specific frequencies. For
that purpose, all tissue parameters including effective stiffness, mass, and damping,
are needed. Moreover, to be able to design the lumped system parameters more ef-
ficiently, the nominal range of tissue extensive parameters is required. To be able to

come up with nominal values of soft tissues/phantoms to be experimented, a study



has been made hereby to summarize the mechanical properties of soft materials.

Ottensmeyer et al. [16, 51, 87, 88] performed several tests on phantoms and living
tissue. The samples are tested in MIT’s ARES parallel plate rheometer standard
measurement for polymer properties. The size of the samples and their density is
available, so it possible to calculate the intensive and extensive properties of the
tissues. The samples are tested from 0.1 Hz to 100 Hz. The calculated shear modulus
increased at higher frequencies, which shows the complex behaviour of the samples.
Kerdok et al. [61] provide information for in-vivo, ex-vivo perfused, ex-vivo post
perfused, and in-vitro examination of porcine liver. TeMPeST 1-D is used to measure
mechanical properties of tissues for small tissue deformation. A typical bode plot of
compliance and phase versus frequency for an ex-vivo perfused test under a 24.7 mN
preload (very low) is captured, shown in Fig. ??, and a Voigt model is fit to the
data. A summary of the Voigt model parameters for small-strain frequency response
is gathered by TeMPeST [16]. This summary suggests a stiffness range of 40 to 100

N/m, and damping constant of .1 to .6 Ns/m for liver tissue.

Ahn [89] has tested a phantom and an in-situ and in-vitro porcine liver using
rounded and flat indenters with radius 3 and 10mm. The relaxation test is per-
formed on the tissues and the displacement-force curve is captured. Young’s modulus
of the tissue phantom is calculated as 5.63 and 6.24 kPa, providing that the measure-
ment carried out by round indenters become bigger. The tests on porcine liver are
performed using ramp, sine, and linear chirp wave, all under 2.5 Hz; this means the
tissue will behave linearly elastic. The Young’s modulus is then calculated as 8.32
and 9.51 kPa. The experiment with a linear chirp input displays stiffness values of
80 and 67 N/m. Finally, the relaxation profile is fit to a SLS model using a nonlinear

mean square method.

Kassner et al. [66] chose the mechanical impedance of an extended Kelvin model

as a measure of quality for INKOMAN’s interface. A calibration is also carried out



to be able to measure tissue’s mechanical impedance.

Brown et al. [82] and Rosen et al. [39] have also performed a set of in-vivo and
in-situ studies using controlled endoscopic graspers. Calculated stress-strain data are
fit to the exponential function below. The results of this study essentially illustrates
that the elasticity of the biological soft tissues is nonlinear in respect to different
indentation depths. There is also a big difference calculated between in-vivo and in-
situ liver measurement. It is possible to estimate a Young’s modulus based on specific

strain values, and the parameters reflected in [82].

a = /3et- 1) (3.39)

Samur [20] estimates pig liver elastic modulus to be 10 —15kPa, while Kim esti-
mated the Young modulus of pig liver about 3 kPa based on the semi-infinite medium
assumption. Samur’s work also gives an insight over the changes of elastic modulus

for different indentation depths.

Sarvazyan et al. [67] indicates that the resonance frequency of human soft tissues

mostly lies in a range of 3-5KHz.

Tay et al. [90] provided a soft tissue range of 5—25kPa. Moreover, Based on the
available literature [52, 67, 61, 91, 92, 90], cancerous tissues usually are 3 or 4 times

stiffer than normal tissues. Other related data exist in [6, 27, 47, 48, 62, 93].

Based on the observed data, the elasticity of targeted soft tissues varies between
1 to 15kPa, and the damping ratio is roughly below 0.2. The density of some soft

tissues is roughly assumed to be around 1000 ks/m3 which is that of water.



47

3.3.2 Numerical model analysis & system parameters opti-

mization

Based on the study in the last section, the goal of this section is to optimize the instru-
ment’s sensitivity, precision and accuracy for the range of the mechanical properties
of the targeted soft tissues. It is worth mentioning that the instrument also provides

a high performance in high range of tissue stiffness values outside the targeted range.

The operating frequency range of the device is selected to approximately lie within
25 to 100 Hz. Firstly, based on the performed simulations based on the proposed sys-
tem, as a rule of thumb, in order for the resonance of the instrument to be different
in in-contact and non-contact conditions, the resonance frequencies of the instrument
has to lie in a different range. By this hypothesis, the instrument should have either
very small or very large resonance frequencies in comparison to the resonance fre-
quencies of human soft tissues. At very high excitation frequencies, some tissues tend
to act more like an elastic solid. Moreover, using a high-frequency resonator, e.g. [6],
requires the tip mass of the instrument to be very small in order not to be influenced
by the effect of the mass of the tissue for stiffness measurement. The magnitude of os-
cillations should, also, be very small not to damage the tissue under indentation. On
the other hand, at very low frequencies, it is hard to filter out disturbances especially
surgeon’s hand tremor. The normal hand tremor is assumed to be less than 0.5 mm
for a range of frequencies below 10Hz [94]. The tip radius is selected to be 2.5mm to
minimize the amount of biological soft tissue damage resulting from contact stresses

|95].

A number of criteria and constraints are used to select the value of the system pa-
rameters for best performance. The resonance frequency shifts should be big enough
to be detectable by the feedback system, and the ratio of the frequency shifts to the

resonance frequencies should be as high as possible. The relationship between A/ri
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and the instrument’s mass and spring parameters is shown in Fig. 3.4. The relation-
ship between Afr and the tissue’s mechanical impedance is also shown in Fig. 3.5.
Moreover, fortunately, the resonance frequency shifts are almost linearly proportional

to tissue stiffness.

Full phase information should be available for both resonance frequencies; i.e., the

phase of the transfer functions of the system, Gi(jui), should span R”, where,
/.. m . m
R+ = (¢GiijUr) - -, ¢(Gitiur) + -) (3.40)

and i represents either the first or second resonance of the system. The aforementioned
conditions and criteria were fed into a Monte-Carlo algorithm to reach to a sub-

optimal design.

3.3.3 Estimation of the viscous damping

One of the critical parameters of the instrument is the viscous damping coefficient.
This damping factor influences the dynamic response of the system such that the
phase corresponding to the resonance frequency changes. The general damping of
the system also affects the amount of the displacement of the masses of the system.
Therefore, bench-top experiments have been conducted to measure these factors in
the springs. Fast Fourier Transform (FFT) method was used to find the total damping
ratio of a second-order system, while the viscous and coulomb damping coefficients of
the springs were separated in a time-domain analysis. The frequency-domain analysis
is based on the measurement of the quality factor. For the time-domain analysis, the
signal was filtered using a bandpass filter. The overlapping curve to the signal is

derived, and fit to the following curve by linear least squares problem.
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Figure 3.4: Contours of A frx (Hz) with respect to the instrument’s mass and spring
parameters.



Figure 3.5: Plots of Afr with respect to parameters of a mechanical impedance load.
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b + &4 ifl3x+6&4>0
F(x) = bxet2X+ (3.41)
0 ifbx + <0

The summary of the experiments in order to find the damping ratio of the springs
is shown in Table 3.1. Although the frequency and time-domain results are conducted
separately, the results are compatible. The calculated range of the damping ratio is
within desired range for the system design. The static friction, however, may increase

depending on the assembly of the instrument.

3.3.4 Actuator and sensor selection

The actuator is selected based on the amount of deformation required at the tip mass,
selected to be about 1mm. Although having nothing to do with the principles of de-
tecting the frequency shifts, the DC errors existing in the system have to be calculated
to make sure that they exist in an acceptable range. For the chosen actuator, we have
(3.42) based on (3.1). Also, assuming 2mm deformation applied to a soft tissue with
elasticity modulus of IOkPa, the maximum possible error of the applied force on the
actuator, A Fmex is calculated in (3.43), based on (5.3)and assuming no friction. For
the same amount of input voltage, (3.42) and (3.43) result to (3.44), which is negli-
gible. Equivalently, to have the same amount of actuator’s displacement, the applied

input voltage has to be compensated by the amount in (3.45).

AL = 25e~TF + 5e~7V (3.42)

Table 3.1: Damping ratio results for 20 experiments
Mean SD Min Max

Frequency domain  0.025 0.003 0.0099 0.065
Time domain 0.032 0.005 0.0138 0.083
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9 v 9 xnm v infcPa

A foa 0.75 2™ = 0,13N (3.43)
AL maajAV=0 ~32.5nm (3.44)
AVnaxl \L—constant  0.26'V (3.45)

A tissue deformation of 2mm displaces the tip mass for about 0.2 mm. Moreover,
in non-contact setup, the design allows for a maximum displacement of the tip mass
of about 0.5 mm caused by gravity. When in-contact, these two displacements cancel
each other. To keep the instrument in its original position, the maximum compensa-
tion input voltage, AVmax would be about 0.5V. It should be emphasized that these
DC components have nothing to do with the detection of the frequency shifts, and
they are not required to be compensated as far as the displaced masses are still in
the range of the LVDT’s.

The displacement of each LVDT sensor must remain in the sensor’s range. This
displacement is affected by the actuator, the surgeon’s hand when interacting with
a tissue, and the force of gravity on the tip and proof mass. The selected sensors,
Schaevitz 050-MHR, have a nominal linear displacement range of +1.27mm, with a
rated linearity of 0.5% of full scale. The phase and displacement characteristics of
the system are mainly affected by the damping of the system, and depend on proper
design and fabrication. Therefore, the system parameters are selected in a manner
to ensure a satisfactory performance.Two signal conditioning modules, LDM-1000,
are used to provide the AC input to the LVDT’s and to demodulate their output.
They provide analog bipolar voltage outputs with a range of £10V. These modules
function based on Amplitude Modulation (AM). Basically, the synchronized input
and output of the LVDT are multiplied. The resulting signal is then low-pass filtered.
In this case, a three-pole Butterworth low-pass filter with a cutoff frequency of 1000

Hz is used.
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Chapter 4

Frequency Shift Detection

To drive the instrument at its resonance modes or near them, a fast and robust
approach based on Phase-Locked Loop (PLL) is proposed. One of the most significant
advantages of a PLL system is its noise rejection capabilities. A PLL is an example
of a feedback system that satisfies a relationship between the phase of the generated
and reference signals [54, 81]. A PLL is particularly a circuit which synchronizes an
output signal with a reference input signal in frequency and in phase. When two
signals are synchronized, it is said that the PLL is locked i.e. the phase error between
the oscillator’s output signal and the reference signal is zero or remains constant. If a
phase error is adding up, a control system acts on a oscillator in such a way that the
error is reduced to its minimum. In such a condition, the phase of the output signal is

locked to the phase of the input signal. The PLL consists of three basic components:
1. A voltage-controlled oscillator (VCO)
2. A phase detector (PD)
3. A loop controller (LC) most commonly referred to as a loop filter.

The block diagram of a PLL system is shown in Fig. 4.1. Ideally, the VCO output’s

angular frequency shifts linearly proportional to the VCO input i.e. the LC output.



Figure 4.1: Block diagram of a PLL system.

The PD compares the phase of the input signal (reference) with the phase of the VCO
output and provides an output signal whose magnitude is linearly proportional to the
phase error. The DC component of the PD output, however, is practically of interest;
hence the AC component is canceled using the loop filter. The loop filter (or better
said loop controller for this case) is also used to improve the behavioral performance

of the PLL.

As an example of how these blocks work together, assume that the angular fre-
quency of the input signal is u0the same as the initial (central) angular frequency of
VCO, and the phase error is also zero. Note that, since the frequency shift in VCO
is zero, LC output must be zero. Assume now that the frequency of the input signal
increases. The phase of the input signal, then, starts leading the phase of the VCO
output. Therefore, the phase error increases with time, so the PD output increases.
The LC output will also increase (obviously LC introduces delay). This causes the
VCO’s angular frequency to increase. The phase error then becomes smaller as the
the angular frequency of VCO increases. This process continues until the phase error
reaches zero i.e. when the angular frequency of VCO equals that of the input signal.
It should be noted that the amount of the settled phase error depends on the type of
the PLL design and its parameters.

For further details on specific PLL designs refer to the literature [96, 97]. The
section will continue to introduce the PLL system as the feedback for the proposed

instrument.
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The VCO block generates a frequency-varying periodic signal satisfying (4.1),

which will generate a frequency modulated signal Vacalculated in (4.2).
J A,u0(t)dt = i(t), 4.1)

VO(t) = sin(ult + JAuO(t)dt) = sin((0;0+ AuQ)t + €M) 4.2

where ()Qis the cumulative VCO phase lag caused by the frequency shift.

The PD block, which hereby also includes the corresponding averaging filtering,
detects the phase difference, ipe, between its two inputs, i.e., the average output, \d,
is proportional to ipe. Ideally, the relationship between Vd and ipe is linear, crossing
the origin when & = 0. The output of the PD unit usually contains an extra gain,

Kd, where
Vd = Kd<pe 4.3

A common case of a PD unit resembles an exclusive OR (XOR) gate, which is used
in this project with minor modifications. A sample result of an XOR gate calculated
by (4.4) is shown in Fig. 4.2. As seen in the figure, the DC component of Vd is linearly

proportional to the phase difference of the inputs of the PD block.
Vd(t) = VI(t))®V 2(t) (4.9
Another common PD is a multiplier in case the signals are sinusoidal. We have,
Vd(t) = VA(t)xV 2(t) (4.5)

where

Vj (t) —cos(cut),

V2(t) —sin(ut + (fie)



Figure 4.2: Output of an XOR gate.

We get,
Vd(t) = cos(cot) sin(ait + ipe) (4.6)
sin(2u;t + ipze) + sin((/%) 7

After filtering the high-frequency component, we get,

Vd(t) = -sin(y?e) 4.8

Vd(t)\ipettO = —{fe (4.9)

so it is possible to introduce a linearized PD block for linear system analysis presented

later in this and next sections.

Finally, the loop controller defines the type of the PLL and is also used as a

compensator.

For the specific case studied in this project, consider the system in Fig. 4.3.
Suppose that some sinusoidal input with some angular frequency is applied to the

plant actuator, and the output of one of the sensors of the instrument and also the
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Figure 4.3: Calculating the phase difference of the plant’s input/output.

input sine wave are fed into the PD block. Finding the DC component of the \Wd using
a low-pass filter, we get the output of the PD block, tpd, which we assume equals ipe
with no loss of generality. I1fu = ur, gdshould converge to the desired angle, <daNow
assume that the plant suddenly changes behaviour (so that the resonance frequencies
shift). We have,

<Pd\wu=u?ew = (frd (4-10)

fdlu=u’ld ~ Vvd\ (4-11)

where u”ew represents the new resonance frequency of the system, while u°ld repre-
sents the old one. Initially an input excited at u°ld is applied, which produces the
output ipdl from PD. Obviously, converging to ujew, PD gives $d. The amount of
phase for specific frequency variations can be, nevertheless, used in order to gain a
better understanding of the system for designing the controller system parameters.
Having (pd and knowing that the output should converge to < we close the loop
feeding back the phase difference output into the angular frequency applied to the
instrument’s input. For applying the change to the angular frequency of the input,

Frequency Modulation (FM) is required where VCO plays its role.

The PLL-based feedback system for the proposed instrument is shown in Fig. 4.4.
If the loop controller does not contain any poles at the origin, the PLL system is
called type-1, while if there exists one pole at the origin, it is type-2. A type-2 PLL
is required to obtain a zero-error response, while a type-1 PLL provides a phase that

satisfies (4.12). Therefore, type-1 PLL can only be used to drive the system in a
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near-resonance frequency. As shown by (4.12), in a type-1 system the error pd —(fid

IS not necessarily converging to zero, and is only proportional to the variations of the

input frequency.

type - 1PLL : <Ai[/=(/0+A)) x Ka= A/ (4.12)

type - 2PLL : Pd\f=fr= < (4-13)

where pd represents the output of Phase Difference detection unit, (eis the so-called
resonance phase (i.e. the phase difference occurring at resonance), and Kais the VCO

gain.

For this application, the feedback system drives the device at its resonance fre-
guency, near resonance, or the corresponding 3-dB frequencies in either non-contact or
in-contact setups. The proposed method also ensures a smooth result and eliminates
a risk of unexpected behaviour for the PLL system if one of the displacements gets
out of the range of the sensor. For driving the system at its resonance frequency, it is
required to set the phase of the system to the resonance phase which ideally happens
when input/output signals are in quadrature. In order to capture the bandwidth of
the system, the PLL needs to be compared with shifted phases corresponding to the
frequencies that offer half-power. This is ideally achieved by considering + | shifted

phases around the resonance phase.

In order to obtain an optimized performance, the loop controller of PLL needs to
be designed carefully. In order to filter out the disturbances in the system, including
PLL and electronic noise and hand tremor of the user, high-pass and low-pass filters
are incorporated before and after PD respectively. The most important filter in this
system is the loop filter after PD. A second-order Butterworth filter with a cutoff
frequency of 50 Hz has been used. It is worth mentioning that a first-order filter

does not offer enough attenuation, while a third-order filter will make the system
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unstable. The high-pass filters are Chebyshev Type I filters with a cutoff frequency
of approximately 15Hz. The signal conditioning module for LVDT sensors employs a
three pole Butterworth low-pass filter with a cutoff frequency of 1000 Hz. This filter
introduces extra phase lag to the system, while the high-pass filters and the actuation
provide some phase lead. The set point can also be used and the VCO output can be
filtered by an equivalent low-pass filter to compensate for these extra phase changes.
The system is designed so that the shifts caused by these factors approximately cancel
each other. Finally, a strong low-pass filter is used to thoroughly remove the ripples

rendering the operating frequency (frequency demodulated signal).

The PLL system is first designed using open-loop setup based on observations
on the system noise and the amount of phase difference caused by a frequency shift

applied as a set point, and the response of the system in open-loop and closed-loop.

The proposed system can be simplified and linearized as shown in Fig. 4.5, where
p is the set point, pe represents the phase difference between  and ip0 (respectively,
cumulative phase of the plant and VCO caused by the frequency shift), and Ay =
2rA | represents the frequency shift. Kd is the gain of PD block, and the PD block
is a basic multiplier. F(s) and Gc(s), in the form of (4.14), represent the phase-
detector filter and the loop controller respectively. K” is the linear representation of
the relationship of the changes in the phase lag and the excitation angular frequency
from a nominal point of the plant near its resonance frequency. This gain is only
reliable near the resonance modes of the instrument, and changes value when working
at different resonance modes and different damping ratios for the system when in-
contact with a tissue. It should be considered that in this model, two internal loops
in the system cancel each other, while this is not the case in the practical nonlinear
system. Moreover, the response of the linearized system especially the transient

response represents the response of the nonlinear system less accurately. Nevertheless,
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the advantages of linear control theory can be used for the design process.

1 2
Ge(s) +S‘|:r (4.14)

The linear and nonlinear design of the PLL system is continued in the next section

accompanied by MATLAB/SIMULINK simulations.
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Figure 4.4: A nonlinear PLL-based feedback system for the proposed MIS instrument

Figure 4.5: A simplified and linearized system model for the instrument
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Chapter 5

Simulation

5.1 Finite element analysis

Previously, Young’s modulus of the tissues under dynamic indentation held by a
quasi-static ring has not been taken into consideration. In this section, an attempt
iIs made to make sure that the modulus of the tissue in such condition would follow
a specific pattern. For this purpose, the previous studies on the indentation of semi-
infinite material, and also real tissues with specific boundary conditions is confirmed
(as error analysis for the current study), and the dynamic behaviour of the tissue

under sinusoidal indentation is considered.

5.1.1 Semi-infinite media

For an incompressible purely elastic material under prismatic test with cross sectional
area, A, a force F imposed uniformly across the ends of the sample, causes the length
to change from 10 to I. The material’s elastic modulus can be determined from the

lumped spring constant and the known geometry as follows.

E=a= A.= k| (5.1)
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This expression is valid for static deformations for a purely elastic material; how-
ever, it can be extended to the frequency domain through the correspondence principle
[2. The complex modulus is used for this purpose, but it is changed slightly so the

aforementioned lumped stiffness and Young’s modulus directly exist in the equation.

E, = e (5,2)
Ai(Tr+ 1 WITr T 1

Real biological tissues/phantoms do not usually take such convenient forms as
presented above. They both have complex surface and internal geometries. Never-
theless, when one applies small deformations within a small region of the organ, some
simplifying assumptions can still be made.

Assume there exists a finite deformable body, and it is deformed by an indenter.
If the region of contact is magnified and the depth of indentation is reduced, the
sample converges to a semi-infinite body, where the surface extends in all directions

away from the contact point, and the material extends indefinitely below the surface.

A number of closed form relationships are provided for indenters of specific shape
between the applied force, displacement, and material properties of the semi-infinite
body. The derivation of these relationships incorporating a correction factor was
first made by Hayes et al. [98], extended by Ming et al. [1] and Wellman [91], and
is extensively studied in contact mechanics literature [99]. A few of the governing
equations is provided in Table 5.1, with indenter radius a. In the aforementioned
formulas, Poisson’s ratio, u is undefined. Different methods can be incorporated to
exactly determine tissue’s Poisson’s ratio. Nonetheless, it has been shown to be very
close to 0.5 in most biological soft tissues (incompressible material) [1, 16, 98]. In
these solutions, the material is assumed to be homogeneous and isotropic. For normal

indentation, uniform displacement in the normal direction and friction-freel contact

1The environment inside body is very humid, and all of the tissue surfaces are slick, so a friction-
free condition applies.



Table 5.1: Formulation of E for Indentation to semi-infinite bodies

Normal flat-ended cylindrical indenter (slip) E =

lax

Normal flat-ended cylindrical indenter (stick) x

2ax In
Normal spherical indenter Ir_ 32(\:;‘32)
Tangential shear T _ <2+2Vnzlx'2)/
Rotational shear < — 3 ine

are assumed, so that sliding of tissue across the surface is permitted [16].

The aforementioned relationships correctly relate elastic modulus, force, and dis-
placement parameters for a thin layer of tissue and small indentation. They fail
to provide correct answers if tissue sample is small or deformations are large. The
extended model also includes large deformations, essentially by adding a nonlinear

correction factor. For a flat-ended cylindrical punch, we have [91],

2axE a X.
(5

where

. a, o, ax
k = k0fv,— + <<I(n, H/.)%.
h is the thickness of sample, and kO are «q are given in [91].

Having the relationship between the applied force /, indentation depth x, and
geometric-independent parameters, e.g. E, we can derive the equivalent geometric-

dependent parameters by partial differentiation assuming a sinusoidal excitation . For
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a flat-ended cylindrical tip, we have,

df 2aE

i 54
dx 1—v2h (54)

For a spring-mass system under flat-ended cylindrical indentation, we get [75],

p(7ra2)3/2

101 ()

where p is the density of the tissue under indentation2.

5.1.2 Indentation of a semi-infinite medium

Finite element method is used to simulate some of the mechanical aspects of the pro-
posed setup using ABAQUS. The behavior of the tissue under indentation and the
frequency shifts of the instrument are investigated when a ring, which also touches
the tissue, is present around the indenter. Four examples out of several configura-
tions with cylindrical or spherical indenters, with/without a surrounding ring, and
with different dimensions are shown in Fig. 5.1. It should be noted that when the
ring is positioned closer to the indenter tip, the tissue behaves more ideally. These
simulations are used to analyze the effect of a soft viscoelastic tissue (free and struc-
tured mesh types) on the resonance frequency shift of the instrument, and also to
consider some nonlinear effects especially the fact that the instrument may not be in
full-contact with the tissue.

In this study, Wellman’s correction factors in both (5.3) and (5.4) are incorporated,
and the tissue behavior is captured using FEM. It is verified that the calculations
based on (5.3) and (5.4) using the same correction factor [98, 1, 91] matches. Several
examples are provided in Table 5.2 noting that they are also compatible with Wellman

[91].

2Wolf [100] calculates the effective mass of tissue, mm different by a factor of 2.
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Figure 5.1: Mechanical simulations of applying an indenter on a soft viscoelastic
tissue: (@) a cylindrical indenter (b) A cylindrical indenter with a surrounding ring
(c) A spherical indenter (d) A spherical indenter with a rounded ring, (both structured
and non-structured (shown here) tissue samples have been employed)

Table 5.2: Comparison of k values for v = 0.5 obtained by the present model and the
data of Ming et al [1].

Ming [1] Current study
alh x/h =0.1% x/h =10% x/h =0.1% x/h = 10%
0.2 1.244 1.356 1.244 1.357
0.4 1.698 1.845 1.699 1.847

0.6 2.183 2.450 2.185 2.453
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When a surrounding ring is added, however, it is not possible to apply the same
correction factors while only considering the indenter’s radius. Obviously, the ring
can be interpreted as part of the indenter. In this paper, the effect of the surrounding
ring moving through the tissue relatively staticly while the indenter is oscillating is
considered. The equation (5.4) is employed for this purpose. It is verified using FEM
that (5.4) with a new correction factor different from [98, 1, 91] (16.8% difference
in the tested case, where the ring is deformed the tissue for 0.2 mm) can be used to
correctly identify the elastic modulus of the tissue.

In summary, assume the ring does not exist. It is verified using FEM that (5.4)
with Wellman’s correction factors, provide the pre-determined Young’s modulus of
the material very accurately (i.e. 0.005MPa in this case). While when the ring (2
mm thick, indented 2 mm in tissue) is employed, (5.4) with a correction factor 16.8%
higher than Wellman gives the accurate modulus 0.005 MPa. It is worth mentioning
that the stiffness follows a sinusoidal pattern with the same frequency as applied
by the indenter whose average is taken into consideration for the calculation of the
Young’s modulus. The sinusoidal stiffness for an elastic material has no phase lag
to the displacement/force applied to the tissue. The periodic behavior of the tissue
under excitation by a resonator is considered in Section 5.2.6.

Furthermore, the resonance frequency shifts have been calculated manually based
on the output data from ABAQUS, and it is concluded that the instrument’ reso-
nance modes shift approximately linearly when in contact with a tissue in an approx-

imately expected range based on MATLAB/SIMULINK simulations.

5.2 Lumped parameter system simulation

MATLAB/SIMULINK was used for simulation. The feedback-based simulations are

also performed in LABVIEW RT, and later used for experiments by replacing the
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state-space model of the instrument with the real instrument’s input/output. In the

next subsections, the lumped parameter system simulations are developed.

5.2.1 Open-loop instrument

The time response of the instrument to a sinusoidal input with a frequency equal to
the instrument’s resonance frequencies is shown in Fig. 5.2. It should be noted that,
experimentally, the instrument’s tip mass displacement, x\ reaches a magnitude of up
to 1 mm in non-contact, and that the displacements start to increase in time because
of resonance.

The Bode plot of the outputs of the linearized time-invariant system in non-contact
and also in-contact with a mechanical impedance is shown in Fig. 5.3. It is illustrated
that the frequency response of the system changes because of the presence of the
mechanical impedance of the soft tissue. These changes can then be used to determine
the tissue parameters. Note that the first resonance occurs when displacements X\ and
x2are lagging a phase equal to  and the second resonance occurs when displacements

x\ and x2 are lagging a phase equal to | and ™ (or —) respectively.

5.2.2 Linear and nonlinear phased-locked loop

Assume a PLL system based on Fig. 4.1 with an ideal PD (i.e. ipa= ipe), and an ideal
VCO with a transfer function defined by (5.6). Also assume that the loop controller
is defined by (5.7). We can now construct a linear model for the PLL system. The
closed-loop transfer function for a phase step input and a phase output (equivalently,
frequency step input and a frequency output) is calculated by (5.8). The closed-
loop transfer function for a phase step input and a frequency output is calculated by
multiplying (5.8) by s as in (5.9). Sample responses for Hcl\ and Hcl2 are shown
in Fig. 5.6 and 5.4. Fig. 5.4 shows that the PLL output, first compensates for the

phase error, and then works at the same frequency as the input signal. Note that if
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Figure 5.2: Response of the system (xi and x2 measured in jim for a highly damped
system) to sinusoidal input voltage. Sample the time-domain response applying a
sinusoidal with a frequency equal to the first resonance frequency.

Figure 5.3: Bode plot of the system outputs with/without contacting a material with
a mechanical impedance of km= 7on/m, cm= o0.5Ns/m and mm = 0.02 g.
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Figure 5.4: linear frequency shift output response to a step input phase change.

Glc is a type-2 function, then the phase error reaches zero.
G"(») = - (56)

(5.7)
(5.8)

(5.9)

Now assume the same PLL system with an sinusoidal multiplier PD unit defined
by (4.5)-(4.9). The system is shown in Fig. 5.5. The linear and nonlinear frequency
shift output responses to a step input frequency change are shown in Fig. 5.6. It
is observed that the linear response is a good approximate for the PLL system with
a nonlinear PD block. Therefore, linear control system tools such as Rootlocus (an
example shown in Fig. 5.7) and bode diagrams can be used effectively for design

purposes.
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Figure 5.5: Nonlinear generic PLL system.

VCO Input Voltage (Linear Simulation)

Figure 5.6: Linear (top) and nonlinear (bottom) frequency shift output response to
a step input frequency change.
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Root Locus

Figure 5.7: The critical area of the Rootlocus diagram for the linear system.

5.2.3 Linear and nonlinear PLL-based feedback system

In Chapter 4, the idea that the open-loop system shown in Fig. 4.3 can be automat-
ically controlled using a PLL was established. In this section, simplify the diagram
in Fig. 4.3 is simplified, and both linear and nonlinear PLL systems are employed to

control the system.

Fig. 5.3 shows the relationship between the changes in the frequency of the input
signal and the phase lag of the output of the instrument. Near the resonances, the
phase diagram provides its extremest slope. The rate of the change of this phase lag,
ipd, to the change of the input frequency (in Hz) is defined as in terms of rad/s.Hz.
Assume that when the instrument is working at its resonances (nominal point),
is constant. Then, the model of instrument near its resonances is represented by a

constant.

The PLL in Section 5.2.2 is then revised by applying the VCO’s frequency shift,
AulQto the gain a and thereby approximating ipd, where <lis added to the input’s
phase lag. An overview of this system is shown in Fig. 5.8. Assume that the integra-

tors are both neglected as they are added to both input signals, as shown in Fig.5.9.
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Figure 5.8: An overview of a PLL-based feedback system with a simplified instrument
model as a constant.

Figure 5.9: An overview of a PLL-based feedback system with a simplified instrument
model as a constant and ignoring the integration component from both inputs.

Furthermore, the effect of the high-frequency signal carried by both input signals is

neglected, shown in Fig. 5.10.

The step response of these three models and also the response captured by the
linearized transfer function are shown in Fig. 5.11. It is observed that all the responses
introduce the same steady-state value (average of the periodic signal for nonlinear
ones). Also, the response of the system shown in Fig.5.9 introduces a slight amount
ofdelay. The linearized responses, obviously, do not include the sinusoidal component.

On the other hand, they are introducing more delay (worse response time).



Figure 5.10: A linearized PLL-based feedback system with a simplified instrument
model as a constant.

Nonlinear PLL
--------- Nonlinear PLL ignoring integration
— - Linear PLL
«  Calculated response

0.05 0.15 0.2

Figure 5.11: Step response of nonlinear and linear PLL-based feedback systems.
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5.2.4 Nonlinear instrument and linear time-varying tissue

The nonlinear feedback system simulation is based on the schematic shown in Fig.
4.4  where the plant is a time/parameter-varying state space model based on (3.6).
The state space model is disturbed by a Gaussian-distributed noise at its output
(the main stochastic distortion source as shown in Fig. 5.12, 5.13, and 5.14), a
simulated hand tremor low-frequency disturbance (highly disturbing if not filtered
properly), various present constant disturbances, e.g. gravity, and irregularities over
the mechanical parameters of the material under investigation (time-varying tissue
parameters). LVDT conditioning modules are simulated by an AM modulation and
a low-pass filter. The outputs of the sensors are also saturated and quantized.

The resonance frequency shift is detected using the simulated PLL-based nonlinear
feedback system by moving the simulated probe along a soft material. The instru-
ment is first initialized. It is then put into contact with a material with a defined
varying stiffness. The tissue model includes damping and mass coefficients with small
variations. Finally, the resonance frequency shifts are measured along the modeled
material using the nonlinear simulation in MATLAB/SIMULINK, and is compared
with expected linear shifts from the changes from the material based on (3.32) and
(3.33).

Sample results of detecting the resonance frequency shifts based on a simulated
PLL system are illustrated in Fig. 5.12, 5.13, and 5.14. Based on Fig. 5.12, the
required initialization time for the instrument is about Is, and the rising time of
the feedback system for a step input is equal to about 0.15s. When the instrument
is in contact with a material with a mechanical impedance of km = 70Nm, cm =
0.2Ns/m and mm = 0.02 g, the first and second resonance frequencies change about
4% and 0.75% respectively. The resolution of the feedback system, however, is much
better. Therefore, the frequency shifts in the instrument can be detected both fast

and accurately, and it can be used to detect the mechanical impedance of the tissue
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under indentation.

Figure 5.12: PLL-based detection of the first and second Afr in simulation while

changing km up to 70 Nn/m.
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Afrl(Hz)

Figure 5.13: PLL-based detection of the first and second Afr in simulation while

changing mmup to 0.2 g.
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Afrl(Hz)

Figure 5.14: PLL-based detection of the first and second Afr in simulation while

changing cm up to 0.2 Ns/m.
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5.2.5 Tissue dynamic contact as a nonlinear behaviour

In Section 3.1.5, the contact of the instrument with a tissue was introduced as a
feedback system. If the transfer function of the tissue is linear, the system can be
modeled within the state space model, and follow the same responses. For example,
the model introduced in Section 3.1.3 gives exactly the same results as the model in
Section 3.1.5 when the transfer function of the feedback system is defined for VMM.

Now assume that the tissue behaves nonlinearly. The effect of the nonlineari-
ties affects the in-contact resonance modes of the system. The transient response
also changes, but as the steady-state response of the instrument is important, those
changes are ignored. The steady-state response is, however, briefly discussed. Con-
sider the responses in Fig. 5.15. It is observed that depending on the amount of
nonlinearities, instrument’s friction, etc, the instrument’s output, i.e. X2 in this ex-
ample, converges to a linear response when the instrument is working at its resonance
mode. Therefore, although during the transient response of the instrument, a nonlin-
ear behaviour is expected, when converged to its resonance frequency, the instrument
provides a linear output response. Consequently, the resonance frequencies are cap-

tured independent from the nonlinear behaviour in time-domain response.

5.2.6 Stiffness follows a periodic pattern

In Section 5.1, it was noted that the stiffness of tissue (i.e. km for a mechanical
impedance) changes periodically with the same frequency of the oscillations applied
to the tissue. The output frequency shift detection in simulation is introduced in
Section 5.2.4 for time-varying tissue parameters, km, mm, and cm which have been
varying during the process just like the tissue is changing behaviour. These variations
could cause a shift in the resonance frequency, and this shift was desirable because it

was connected to the behaviour of the tissue. Now, note that although the Young’s
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Figure 5.15: The x2 output of the instrument in-contact with a nonlinear tissue
when a sinusoidal input is applied to the actuator, (left) response when working at a
frequency far enough from the resonance, (right) response when working at resonance.
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modulus of the tissue is kept constant, km will introduce slight oscillations with the
same period as the instrument’s oscillation (based on ABAQUS results). These oscil-
lations are part of the behaviour of the instrument and not the tissue, so in this case
a change in the detection of the frequency shifts is undesirable. A sinusoidal signal
added to km with a magnitude equal to 10% of the constant value of km is considered.
The result of frequency shift detection for constant and periodic stiffness values is
shown in Fig. 5.2.6. There will be about 0.3% error in the detection of the frequency
shift, which is small enough. This automatic compensation was expected as the PLL
system provides the output averaged over one working period.

Therefore, the effect of the oscillations on the measured tissue stiffness is negligible.
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Figure 5.16: Frequency shift detection error for a periodic tissue stiffness value. (Left)
full view (right) zoomed-in
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Chapter 6

Experimental Results

6.1 The instrument setup

6.1.1 Mechanical setup

The instrument was prototyped by university machine services based on the design
layout. The instrument was then assembled, and prepared for subsequent testing. The
piezo amplifier module, PI-505, uses the control input to generate the high-voltage
input for the piezo stack actuator. Two signal conditioning modules, LDM-1000, are

used to provide the AC input to the LVDT’s and to demodulate their output.

The instrument setup for the experiments is shown in Fig. 6.1. Extra compo-
nents for data acquisition, real-time control, and monitoring are not shown in this
figure. The experiments can be performed using either the stand or by hand. Experi-
ments using the stand, however, provide better precision. In order to capture reliable
calibration and measurement data, the instrument has to be mounted on a stand.
The instrument is also tested by being held in hand when employing the PLL-based
method. All the final results are based on experiments performed using the stand for

the consistency of results unless otherwise stated.



Figure 6.1: Instrument setup: (a) the proposed instrument (b) the stand used for the
experiments (c) performing an experiment by hand (d) sample under experiment (g)
the sample, the tip, and the surrounding ring are shown (f) conditioning modules



6.1.2 Control and monitoring

NI LABVIEW is used for capturing the outputs of the instrument and generating the
control input. The software design of the system and the controller are implemented
using LABVIEW Real-Time based on Fig. 4.4 using a continuous communication
architecture. In this mode, two loops have been created for deterministic (high pri-
ority) and non-deterministic (low priority) tasks. The deterministic loop includes
the controller, while the non-deterministic loop is used as user interface between the
target and the host desktop PC’. The feedback system is implemented according to

Fig. 4.4 inside the deterministic loop.

The system is monitored from the host system based on the data gathered from the
non-deterministic loop of the target system. Any parameter involved in the system
design can be shown such as resonance frequencies, frequency shifts, phase errors,
and displacement magnitudes. Obviously, the main goal of the monitoring system
is to provide the resonance frequency shifts to the surgeon as a good measure for

evaluating tissue stiffness.

6.2 Non-contact instrument

The acquired frequency response of the non-contact instrument is also shown in Fig.
6.4. It can be seen when touching a spring, the resonance frequencies shift. Measuring
the bandwidth of the frequency response of the instrument, the mean value of the
damping ratio calculated for the overall system is approximately 0.043 about the first
resonance mode and 0.018 about the second resonance mode. The calculated range of
the damping ratio is within the desired range and is in harmony with the preliminary

results in Section 3.3.3.
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Table 6.1: Experimental validation of mass measurements
M (kg) Afri(Hz)  Mii/rl(N») Afr2(Hz) M|A.2(Nm)

3.30E-05 -0.015 2.90E-05 -0.020 3.50E-05
6.10E-05 -0.040 7.73E-05 -0.045 7.86E-05
8.70E-05 -0.065 1.26E-04 -0.080 1.40E-04
1.54E-04 -0.090 1.74E-04 -0.085 1.48E-04
2.27E-04 -0.110 2.12E-04 -0.145 2.52E-04
2.48E-04 -0.140 2.70E-04 -0.145 2.52E-04

6.3 Validation

6.3.1 Validation of mass measurements

A number of random reference masses are used to measure the resonance frequency
shifts, and thereby estimating the employed mass based on (3.32) and (3.33). The

masses are also measured using a digital analytical balance.

A summary of the results is shown in Table 6.1. The measured mass values by
the analytical balance and also the proposed instrument are shown in Fig. 6.2 where
a linear model crossing the origin is fit to the data. The high R2 values represent
the high precision of the estimation, while for all cases, the frequency shift detection
introduces sinusoidal ripples and stochastic disturbances varying about 0.02 Hz. The
measured resonance values presented as results are, however, the mean values. Ac-
cording to the linear calibration formula, the error in determining the attached mass
is about 8% and 6% employing the 1st and 2nd resonance frequency shift detection

respectively.

6.3.2 Validation of stiffness measurements

Cantilever beams are used to evaluate the performance of the instrument in estimating

the stiffness of the beams. For this purpose, consider aluminum cantilever beams with
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Figure 6.2: Experimental validation of mass measurements
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uniform cross section. We have [101],

- 3 (6.1)
Pi=pWT (6.2)
3E|

! 6.3

h = L3 ( )

mb = 0.2235pL (6.4)
1 [kb

- 65

/ni ~ 2\ mb (65)

= 2.8fr2 = 17.55fni (6.6)

where W, T, and L are the width, thickness, and length of the beam respectively.
| is the area moment of inertia, and pi represents mass per length of the beam. pv
and E are the density and Young’s modulus of the material respectively. Finally,
the mechanical properties of the beam are calculated: kb, mb, and fni represent the
stiffness, effective mass at the tip of the beam, and the z-th natural frequency of the

beam.

To be certain that the resonances of the beam do not affect the calculated stiffness
of the beam, the resonances had to be far away from the working frequency range
of the proposed instrument. In order to have a number of beams with small mb,
proper kb and high enough natural frequencies, the cantilever beams have to be quite
small-size, i.e. T =043mm, 4mm < W <5mm, and 25mm < L < 72mm. Some of
the beams are also tested using a dynamic mechanical analyser at the first resonance

frequency.

The numerical values of the calculations and measurements performed on the can-
tilever beams using the 2nd order approximation (3.32) and (3.33) are shown in Table

6.3. The calculated and measured stiffness values are shown in Fig. 6.3 where a linear
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Table 6.2 Experimental validation of stiffness measurement using cantilever beams

Kb
15.37
32.14
37.55
46.55
51.97
69.06
70.50
78.76
80.64
99.98
128.39
141.59
155.66
182.15
213.68
251.87
309.41
495.09

model crossing the origin is fit to the data. R2values are higher for stiffness measure-

m b~

7.59E-05
5.93E-05
5.63E-05
6.14E-05
5.05E-05
5.39E-05
4.56E-05
4.39E-05
5.11E-05
4.76E-05
3.73E-05
3.61E-05
3.50E-05
3.90E-05
3.15E-05
3.50E-05
2.78E-05
2.38E-05

f (Hz)
Jn\

71.62
117.09
129.96
138.49
161.42
180.13
197.68
212.96
199.74
230.52
294.97
314.85
335.26
343.87
414.25
426.79
530.20
725.20

AT?23 ke VO

0.17
0.43
0.96
116
121
1.46
1.07
131
161
1.96
241
2.61
2.32
3.26
3.86
4.26
5.01
6.60

14.73
29.43
61.50
74.07
76.49
9211
67.61
82.26
101.24
122.82
150.45
163.02
144.65
204.62
242.90
269.18
318.20
425.18

N

2

-0.05
0.09
0.10
0.12
0.15
0.21
0.11
0.16
0.25
0.32
0.40
0.42
0.35
0.53
0.83
0.74
1.11
171

h afr2m)

-3.47
34.16
36.58
43.03
50.04
67.66
37.92
51.96
78.70
98.19
119.58
125.13
104.97
156.96
241.64
216.41
321.16
492.18

ment than mass measurement, basically because the frequency shifts are higher, and

therefore more easily detectable. The frequency shift detection however introduces

sinusoidal ripples and stochastic disturbances varying up to 0.06 Hz. According to

the linear calibration formula, the error in determining the stiffness of the cantilever

beams is about 1% and 4% employing the 1st and 2nd resonance frequency shift de-

tection respectively. It is worth mentioning that estimating the stiffness values based

on linear approximations (3.35)-(3.38) may introduce up to 12% error. Therefore,

employing the 2nd-order approximation the accuracy of the measurements is highly

improved.



90

Estimate of kb (N/m) by measuring A/,

0 200 400 600

Calculated cantilever stiffness (N/m)

Estimate of kb{N/m) by measuring A/ri

0 200 400 600

Calculated cantilever stiffness (N/m)

Figure 6.3: Experimental validation of stiffness measurement using cantilever beams
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Figure 6.4: Experimental frequency response of the system outputs with/without
contacting a spring

6.4 Testing on springs & system response analysis

A sample frequency response of the experimental system with and without a load
is shown in Fig. 6.4. A spring is used as the load in this experiment. The rate
of the spring, used in this experiment, is about 300 wm detected by evaluating the
frequency response. The damping coefficient is approximately equal to 0.01 Nym. The
difference in the phase in comparison to the instrument’s linear model is mainly due
to the filtering in the system and nonlinear behaviours. It should be noted that using

a PLL system, these extra behaviours are compensated as mentioned in Chapter 4.

The rate of a set of springs was measured using the proposed instrument. The

mean value and Standard Deviation (SD) of the measurements are presented in Table
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Table 6.3: Measured rate (in Nm) of different springs
spring# mean SD
1 13497 4
2 302.72 65
3 659.96 105

6.3. It should be noted that springs can provide a fairly linear and ideal stiffness value
with negligible damping and equivalent mass. Approximately the same amounts of
frequency shifts obtained from simulation results have been observed during experi-
ments.

The proposed closed-loop system detects the rate of the springs automatically
and fast, introducing variations up to 5%. As the feedback system integrates over the
system outputs, the effect of the quantization error, which is a fairly random error, is
negligible. The practical error caused by precision of the instrument dominates the
resolution error. Practically, it is hard to measure the rise time of the frequency shift
output from the proposed instrument when a tissue is touched as an ideal step input
command, so a new measure is introduced. The rate of Afr, instead, is captured
when the instrument contacts a fairly stiff material. In this case, the Afr rate for
both experimental and simulation results is approximately equal to 15HzS. Based on
the same rates, it is concluded that the experimental rising time of the instrument is

about the same 0.15s measured by simulation.

6.5 Testing on gels & tumor localization

Measured A/rl and f°r a rubber phantom with an injected tumor using PLL-
based method is summarized in Table 6.4. The tumorous tissue is easily distinguish-
able from the rubber phantom, while the phantom is quite damped. A/ri is also
measured for a gelatin-based phantom with injected tumors. A solution of gelatin

and water is made to represent a soft tissue, and peas are regarded as harder tissues
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Table 6.4: Measured Afr (in Hz) for a phantom with an injected tumor
soft tumorous

Almm ~ 0.121 ~ 0.075
mean SD mean SD
Alri (Hz) 113 002 482 0.06

Table 6.5: Results for different areas of the gelatin-based phantom

area Dimensionsl Afrl (Hz)
Touching2 ~ 2mm ~ 5mm
0 N/A 1.08 128 2.42
1 4X7x25 1.25 2.08 3.58
2 2x6x4 0.99 2.00 2.90
3 556x7x 3 2.23 2.78 3.57
4 Ox7x4 1.40 1.55 2.77

1in the form of d(mm) x £>(mm) x /i.(mm) where d represents the depth of a stiffer area inside the
phantom measured from the surface to the point that area is touched, D and h are the diameter
e21nd height of the area.

The amount of pre-load deformation applied to the surface of phantom.

[102, 103]. The height of the phantom is about 9mm. Four sample areas, shown in
Fig. 6.5, are selected and the closed-loop results, shown in Table 6.5, are captured
when the instrument lies in three approximate depths. Standard deviation of all val-
ues lies within 0.05Hz. Except for area 2, it is easily possible to distinguish between
the gelatin tissue and the areas with injected peas. This is mostly likely because
of the presence of a gap of water between the area 2 and the surface of the gelatin

phantom.

Additionally, the performance of the instrument is evaluated by moving the instru-
ment along the rubber phantom by hand. The resonance frequency shift is shown in
Fig. 6.6 noting that the ripples are following a low-frequency periodic wave which can
be removed using a stronger output low-pass filter. The same result was previously

summarized in Table 6.4.
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Figure 6.5: A gelatin phantom for tumor localization

Figure 6.6: A sample experiment on a soft rubber phantom with an injected tumor
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Chapter 7

Conclusion and future work

A new dynamic minimally-invasive instrument for evaluating the mechanical proper-
ties of biological soft tissues and tumor localization is proposed. The instrument is
specifically designed for MIS (can be easily disassembled, and it is sterilizable), is not
sensitive to the changes in the effective mass of the tissue as opposed to similar in-
struments, and is designed through a sub-optimal Monte-Carlo algorithm to provide
high precision and accuracy results for targeted biological soft tissues. This instru-
ment is also designed to work at a lower range of frequencies that is more common in
conventional methods, but as opposed to similar resonators. Working at this range

of frequency allows the tissues to exhibit their viscoelastic behaviour.

A study has been performed on nominal tissue parameters. Several conditions
and criteria are then used to optimize the performance of the instrument (mainly tar-
geting the precision and sensitivity to the measurement of tissue stiffness) employing
a Monte-Carlo algorithm. Bench-top experiments and basic calculations have been

also performed to ensure satisfactory mechanical design.

A PLL-Based feedback system, incorporating an extra feedback loop (comparing
to common PLL systems) is employed to detect the resonance or near-resonance

frequency shifts of the dynamic low-frequency instrument. This method is robust
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to noise, does not require accurate displacement information, and can determine
the stiffness of a soft tissue both accurately and fast enough for MIS purposes. A
generalized feedback system is introduced and described. Equivalent and linearized
PLL-based models are also presented that are used for design purposes based on linear
control theory. Simulations are then provided for both nonlinear and linear designs

and the results are compared.

Several finite-element analyses are also performed before prototyping the instru-
ment. In these simulations, the capabilities of the proposed instrument in measuring
Young’s modulus of an ideal and also a practical semi-infinite material have been
evaluated. Moreover, the behavior of the tissue under indentation and the frequency
shifts of the instrument are investigated when a ring, which also touches the tissue,
is present around the indenter. It should be noted that in the proposed instrument,

the indenter oscillates while the ring is statically touching the tissue.

A novel numerical method for correlating the tissue parameters and the changes
in eigenvalues of the system is also presented. This formulation can consider for an
nth-order approximation. It is shown that the 2nd-order approximation improves the
accuracy of the measurements up to 12%, while all other studies consider a linear

correlation.

Employing the proposed method, It is shown that the instrument satisfacto-
rily evaluates the mechanical impedance of a soft tissue modeled by a mechanical
impedance. The behaviour of the instrument when touching a mechanical impedance
is considered in simulation, and the equivalent stiffness, mass, and damping of the
load is calculated satisfactorily. Experimentally, the evaluation of the stiffness and
mass of reference masses and cantilever beam has been verified. The damping (vis-
cosity) measurement, however, is not verified due to lack of facilities, and is thereby

left to future work.

Finally, the instrument is used to localize tumors hidden inside a soft phantom, as
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the stiffness values evaluated in this case are easily distinguishable. Several examples
are presented in experimental results that employ the instrument held either by a
stand or hand.

The possibility of the design of a similar low-frequency instrument in MEMS
IS going to be studied. A number of nonlinear mechanical behaviours should also
be compensated that was not expected during the first prototype. The proposed
instrument also opens up research topics on system identification in both time and
frequency domains, stochastic and deterministic estimation and filtering, and the
correlations between conventional methods on measuring mechanical properties of

tissues.
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