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Abstract

Promising results of Minimally Invasive Surgery, MIS, in the last two decades have been
the main incentive of numerous researches in this area. However, despite numerous ad-
vantages of this relatively new technique, using of long tools inserted through small ports
on the body deprive surgeons of the depth perception, dexterity, sense of touch, and
straightforward hand-eye coordination that are accustomed to surgeons in open proce-
dures. Many researches have been launched to rectify the mentioned shortcomings and
some improvements, such as, excellent stereo visual feedback and satisfactory dexterity,
have been made recently in robotic assisted surgical systems.

However, the current MIS tools whether in endoscopic surgery or in robotic assisted
surgery are incapable of providing tactile feedback. The tactile information collected
by the surgeons hand in an open surgery is vital for success in complex and delicate
operations. For instance, the ability to distinguish between different types of tissue in
the body is of vital importance to a surgeon. Before making an incision into tissue, the
surgeon must identify what type of tissue is being incised. Failure to classify properly the
tissue can cause severe consequences.

There have been some attempts to develop smart MIS graspers with integrated sensors.
However, many of these integrated sensors are limited to force or softness sensing. From
a functional point of view, integrating severai sensors each of them is responsible for
measuring a specific quantity is difficult. In céntrast, a multi-functional tactile sensor
which would be able to address several concerns such as force measurement, determining
position of the force, assessing softness of the grasped object, detecting any hidden lumps
in bulk soft tissue is highly desirable. The transduction techniques used in the relevant
researches have been reported as capacitive and piezoelectric techniques. In this study, the
piezoelectric polymer Polyvinylidene Fluoride (PVDF) has been used as the transducer
due to its unique features and also bio-compatibility.

This study aimed at introducing a multi-functional tactile sensor which would be

able to address many of the required information in a surgery procedure. A unit of the
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proposed sensor is able to measure the applied force and its position along the length of
the sensor system. In addition, it is also able to differentiate the softness of the contact
objects. An array of sensor is able to locate the applied load or any hidden mass in a
plane (i.e. xy plane). Integration of the sensors into both jaws of the grasper, enables the
smart grasper to determine the depth of any hidden masses. Regardless of the type of
the integrated sensor, the study of stress profile in the presence of a lump, at the contact
surface of object-grasper is of importance. The behavior of the soft tissue highly influences
the stress distribution at the contact surface of tissue and grasper. Although modeling
all of the complex behavior of soft tissue is very difficult, in this study, the nonlinear
characteristics of the tissue is considered. In the absence of the soft tissue the simulation
and experiments are conducted on the elastomers which exhibit very similar behavior.
However, the ultimate objective is the integration of the proposed sensor with the
existing MIS graspers. To do this, the sensor must be microfabricated. Therefore, in
order to study the feasibility of micromachining of the proposed sensor, the microfabri-
cation procedure for the tactile sensor was examined and the fabrication difficulties were
identified. The conventional anisotropic wet etching has been used for micromachining

the device.
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Chapter 1

Introduction

Surgery is the treatment of diseases or other ailments through manual and instrumental
means. In the past, this involved cutting and swing of tissues. However, advances in
surgery have helped reducing or eliminating the invasiveness of surgical procedures. In
open surgery referred to as first-generation technique, a large incision would be made in
the body allowing the surgeon to have full access to the surgical area. In open surgery,
surgeon is able to come into contact with organs and tissues and to manipulate them
freely. While a large incision allows the surgeon to have a wide range of motion as well as
tissue assessment through palpation, it causes a lot of trauma to the patient. Increasingly,
surgeons begin to realize the limitations they encounter in the operating theaters [1]. For
instance, in a conventional open-heart cardiac operation , the rib cage must be cracked
and split, exposing the heart muscle. The invasiveness of the procedure causes a long
hospital stay, increasing costs and pain to the patient. In many surgical procedures, the
majority of trauma to the patient is caused byv the surgeon’s incisions to gain access to
the surgical site rather than the procedure itself. For instance, for cholecystectomies (or
gall bladder removal surgery), as 59% of the postoperative hospital stay is the result of
trauma caused by incisions in the abdomen to gain access to the gall bladder instead of
the actual removal of the gall bladder [2].

To overcome many of the shortcomings and complications of open surgery, the min-

imally invasive surgery, referred to as the second generation surgical procedure, uses a



few small holes, access points, or ports that are punctured into the body and trocars are
inserted through them. A trocar consists of a guiding canula or tube with a valve/seal
system to allow the body to be inflated with carbon dioxide. An endoscope is inserted
into one of the trocar ports to allow the surgeon to have a view of the surgical site.
Various other surgical instruments such as clippers, scissors, graspers, shears, cauterizes,
dissectors, and irrigators are mounted on long poles and can be inserted and removed
from the other trocar ports to allow the surgeon to perform the necessary tasks. Using
a monitor to watch the operation is not very intuitive and it disrupts the natural hand-
eye coordination. In addition the 2-D image eliminates the surgeon’s depth perception
[3]. As the images from the camera are magnified, small motion such as the tremor in
camera or even the heartbeat can cause the surgical team to experience motion-induced
nausea. Another difficulty in MIS is caused by the trocars that act as pivot points in
order to amplify surgeon’s movement. In addition, there is no tactile feedback, so the
surgeon has no sense of how hard he is pulling or cutting or twisting or suturing, etc.
These factors cause a number of adjustments to be made by the surgeon, which require
significant retraining on how to do the procedures in a minimally invasive surgery. These
hardships also limits surgeons to perform only simpler surgical procedures. Nowadays,
modern surgical procedures are far more complex than that of the past and the surgeons
knowledge and skill alone may not guarantee the success of an operation [4]. To rectify
some of these problems the third-generation of surgical procedures, robotic surgery, was
developed. Robotic surgery can bring about various benefits, such as: reducing the stress
on the surgeons, decreasing the surgery duration, and reducing the time required for a
patient to recover from an operation [5, 6]. However, the current medical robots have not
eliminated all above mentioned shortcomings in MIS. As an example, Da Vinci and Zeus
medical robots have rectified a number of MIS shortcomings, nevertheless surgeons still
suffer from lack of tactile sensing and its associated capabilities [7, 8].

The ability to distinguish between different types of tissue in the body is of vital

importance to a surgeon. Before making an incision into tissue, the surgeon must identify



what type of tissue is being incised, such as fatty, muscular, vascular, or nerve tissue.
Failure to properly classify tissue can cause severe consequences. For example, if a surgeon
fails to properly classify a nerve and cuts it, then the patient can suffer effects ranging from
a loss of feeling to loss of motor control. The identification and classification of different
types of tissue during surgery, and more importantly during cutting operation, will lead to
the creation of smart surgical tools. One major approach in developing smart surgical tools
is retrofitting of the existing surgical tools instead of developing new and revolutionary
tools due to its advantages. Surgical tools are subject to many regulatory controls, such
as Food and Drug Adminstration (FDA) and European Community (EC), that normally
takes 5 to 15 years long [9]. Therefore, retrofitting current surgical tools is preferred as
it is the fastest path to the market. In addition, the modified tools have already been
accepted by surgeons who are familiar with their applications and use. Furthermore, the
costly clinical trials can be avoided or reduced for retrofitted tools.

To sum up, smart endoscopic tools are highly required to enhance the current state of
MIS and surgical robots performance. To do this, using of the existing MIS tools as host
and developing smart compartment to the host structure would be highly beneficial and

desirable.

1.1 Motivation

Minimally invasive procedures are growing rapidly, with 40% of surgeries being performed
in this manner and in the next decade 80% of all surgeries will be done using MIS [10].
However, despite many advantages of MIS to the traditional surgery, almost complete lack
of a sense of touch is one of the principal shortcomings in today’s MIS procedures. Using
of long slender MIS tools has imposed sever restrictions on surgeon’s tactile capabilities
when compared with the traditional open surgery. Restoring the lost tactile perception
has been the motivation of several recent research works including the present research.

In addition to the introduction of an innovative multifunctional tactile sensor which can



be integrated into the conventional MIS tools, exploring of potential capabilities of such
sensors in terms of force measurement, force position sensing, softness sensing is of high
importance. Another challenging problem in this area is the development of methodologies
for interpreting and converting the data gathered by tactile sensors into a useful format
for surgeons. In this regard, several attempts have been made to develop different kinds
of tactile display. However, none of them has found practical application due to the
difficulties in using them. This provided the motivation for introducing a graphical scheme

in which the tactile information is graphically presented to the surgeon.

1.2 Tactile Sensing: Previous Work

Tactile sensing can be defined as a form of sensing that can measure given properties of
an object through physical contact between the sensor and the object. Tactile sensors,
therefore, are used for measuring the parameters of a contact between the sensor and an
object. In other words, they detect and measure the spatial distribution of forces on a
sensory area. The processes of slip and touch sensing can also be related to tactile sensing.
Slip, in effect, is the measurement and detéction of the movement of an object relative
to the sensor. Touch sensing can be correlated with the detection and measurement of a
contact force at a specified point. The spectrum of stimuli that can be covered by tactile
sensing ranges from providing information about the status of contact, such as presence
or absence of an object in contact with the sensor, to a thorough mapping or imaging of
the tactile state and the object surface texture [11].

There are two determining factors in the design of a variety of tactile sensors. The
first one is the type of application and the second is the type of object to be contacted
[12]. For instance, unlike hard objects, When the tactile sensor is targeted towards soft
objects (e.g. most biological tissues), more complexities arise and there is a need for more
sophisticated designs. In general, tactile sensors can be divided into the following cate-

gories: mechanical (binary touch mechanism), capacitive, magnetic, optical, piezoelectric,



piezoresistive (strain gauges), and silicon-based (micro-electromechanical).

One of the most exciting and relatively new application areas for tactile sensor is in
robotics, minimally invasive surgery and robotic minimally invasive surgery [13]. Nu-
merous research work in design and manufacturing of variety of tactile sensing has been
reported. For instance, the development of a 8 x 8 silicon pressure tactile sensor array
with on-chip signal readout circuits has been implemented by Wen et al. {14]. The inte-
grated sensor array was fabricated using a combination of microelectromechanical systems
(MEMS) and microelectronics. The prototype device was characterized in the pressure
range of 0-150 kPa, in which the sensors exhibited a linear response with a mean sen-
sitivity of 30.1 mV/kPa. Another tactile sensor chip has been developed for measuring
distribution of forces on its surface [15]. The chip has eight force-sensitive areas, called
taxel, with a pitch of 240 um. Surface micromachining techniques are used to produce
small cavities that work as pressure-sensitive capacitors. To enable transduction of nor-
mal forces to the sensitive areas, the sensor chip surface was covered with silicone rubber.
The radius of the sphere and the load working on it can be estimated with high preci-
sion from the tactile sensor output data. An integrated three-dimensional tactile sensor
with robust MEMS structure and soft contact surface suitable for robotic applications
has been developed by Mei et. al [16]. The sensor has a maximum force range of 50N in
the vertical direction and +10N in the x and y horizontal directions. The tactile sensor
includes 4 x 8 sensing cells each exhibiting an independent, linear response to the three
components of forces applied on the cells. With neural network training, the tactile sen-
sor produced reliable three-dimensional force measurements and repeatable response on
tactile images. Another study describes the development of a new type of tactile sensor,
which is designed to operate with a PZT element employed as the sensor [17]. Most
researchers have attempted to design tactile sensors with a number of discrete sensing
elements arranged in a matrix form [18]. The main problem with this type of design is
cross talk [19]. Although the force is actually exerted on a single element of the matrix, an

undesirable response from the adjacent sensing elements often occurs. This, in turn, leads



to error in measurement. In cases where polyvinylidene fluoride (PVDF) film has been
used as the basis for the design of a matrix of high spatial resolution tactile sensors, the
same crosstalk problems have often been reported [18]. A further problem with the ma-
trix array of PVDF sensing elements is that, it réquires one coaxial cable for each sensing
element. The more the number of sensing elements the more the number of connection
points. Consequently, this leads to sensor fragility and causes the design to be a bulky
one, which is highly disadvantageous in various robotic applications. Therefore, to avoid
mentioned difficulties, development of tactile sensors with minimal sensing elements has

also been taken into account by researchers.

1.3 Human Tactile Sensing

Prior to any attempt for development of a suitable tactile sensor that can replace a human
hand, a very concise review of structure, mechanisms and capabilities of human hand is
helpful. Generally speaking, human tactile sensing has a complex nature and to find
suitable technological analogies in science or engineering is not an easy task [20, 21]. The
nature of tactile sensing through the skin is not simply the transduction of one physical
property into an electronic signal. This is mainly because the sense of touch assumes
many forms [22]. These forms include the detection of temperature, texture, shape, force,
friction, pain, and other related physical properties [23, 24]. In addition, unlike the visual
and auditory senses, the touch signal is not a well-defined quantity and the researchers of
this field are still dealing with the basics of collecting the most relevant data [25, 26].
Contact sensing in human normally is divided into kinesthetic sensing and cutaneous
sensing [27]. The kinesthetic information refers to geometric, kinetic and force data of
the limbs, such as position and velocity of join’gs, actuation forces etc., which is mainly
mediated by sensory receptors in muscles, articﬁlar capsulae and tendons. These (kines-
thetic) receptors include muscle spindles, which respond to changes in muscle length, and

tendon organs, which sense muscle tension [28]. The cutaneous sensing is the perception



of contact information with receptors in the skin such as pressure and deformation, both
in space and in time. Considerable research has been devoted to detailing the function
of human cutaneous sensing [29, 21]. There are about 17000 mechanoreceptor in the
grasping surfaces of the human hand, comprising Meissner’s Corpuscles , Merkel Disks,
Ruffini Organs, and Pacinian Corpuscles (PC), differentiated into classes depending on
their receptive fields, speed and intensity with which they adapt to static stimuli [30].
In addition to these specialized mechanoreceptors, there are many free nerve endings in
the finger tip skin which respond to local mechanical deformation [31]. Some free nerve
endings are sensitive to thermal and pain stimuli. Thus, our tactile sensory experience is
built from a variety of sensors responding to a number of physical parameters.

In general, human sensing and motor control bandwidths range from a few Hz to
several hundred Hz [32](which is slow in comparison with robotic manipulators). Nerve
conduction velocities are usually less than about 60 m/s. Latencies are at least 20 —
30 m/s for the fastest reflexes and much longer for other reflexes and voluntary responses.
Generally speaking these sensors are hysteretic, nonlinear, time varying, and slow.

Tactile receptors are located in clusters around the human skin and they look like
jelly material. When they are stimulated or squeezed in some way, the layers rub against
each other causing an electrical nerve to be generated. Then, these nerve signals flash
to the brain, where an overall touch picture from these nerve signals is assembled [33].
Sense of touch involves arrays of different nerve types and sensing elements to relay a
whole body experience [30]. This is contrary to other senses, which are localized in
the eyes, nose, mouth, and ears. These receptors, or tactile units, are all located in
the various layers of the skin, which provides support and protection from the external
environment. The skin of the hand, in particular, is highly specialized to provide detailed
tactile feedback [34]. The glabrous (hairless) skin on the front of the hand contains the
most nerve endings. They peak in density on the central whorl of the fingertips.Various
types of mechanoreceptors can be categorized as: Type I with small receptive fields; Type

IT with large fields; rapid adaptors (RA) which have no static response; and slow adaptors



(SA) which do not stop firing in response to a constant stimulus. One of the important
features of skin mechanoreceptors is their spatial resolution [18, 35]. For example, when
two different places on human skin are touched simultaneously by two sharp objects, it
can be shown that there is a minimum resolvable spacing between the contact points.
Additionally, it can be proven that this minimum resolvable separation is different in
various parts of the human anatomy [36).

When a force is applied to the tip of the finger, the large receptive, rapidly adapting
PC units located all over the finger and palm will fire indicating a stimulation occurring
somewhere. As a result, the small receptor of RA (e.g., Meissner’s Corpuscle) units
around the location of the application of the force will also fire. If, however, the stimuli
are held stationary, the SA I (e.g., Merkel Disk) and SA II (e.g., Rufffini Endings) will
consequently exhibit afferent responses. It has been suggested that the SA II units are
very sensitive to tangential forces [20], while the SA T units might code both normal and
shear forces [35]. With regard to the individual receptors, the Merkel Disks are reported
to respond to both compression and shear forces, and free nerve endings are sensitive to
slight pressures. With regard of the position of the load, the rapidly adapting RA units
will provide information about to the position, while slowly adapting units of SA I will
indicate the size of the stimuli [37]. However, the PC units and SA II units will also be
active, indicating that something is happening somewhere.

It has been speculated that the sensation of softness may correlate with activity in
the SA I fibers because their rate of firing is determined by the amount of sustained
deformation. However, softness/hardness perception requires vertical motion [37], thus
the rapidly adapting units might contribute to the perception of softness, indicating local
stimulation. The PC units will also be active for the same reason as discussed in the case
of position and size sﬁimuli.

If a sensor is to mimic the human hand’ tactile capabilities, then a set of finger-like
criteria extracted from analysis of human sensing can be defined and used as (sometimes

minimum) desired conditions. Having said that, an artificial tactile sensor would require



an array of sensors with spatial resolution of about 1-2 mm [26], which translates to an
approximately 10-15 element grid on a fingertip-sized area. In terms of force sensitivity if
the analogy is considered appropriate, then a sensitivity range of 0.01-10 Newton would
be required to be delivered in a tactile sensor and a dynamic range of 1000:1 would be
considered satisfactory [18]. In summary, the sensor should demonstrate high sensitivity
and broad dynamic range. With regard to human capabilities, the vibration bandwidth
reported at the fingertips is a few Hz for separate touches and several hundreds Hz for
merely sensing vibration [32]. However, this is another parameter, which cannot be readily
considered in terms of human fingertip analogue. The potential complexity of a data
processing system coupled with a tactile sensor and, in particular, the continued need
to update the information coming from the sensor, necessitate the fastest response time
possible. In summary, the response time of the touch-transducer should be small compared
to the time of an overall control-loop cycle. In addition to the above factors, tactile sensors
should ideally be capable of withstanding harsh environments, for example, temperature,
humidity, radiation, and chemical stresses. In other words, they should remain robust
and unaffected in terms of physical properties despite continued usage and have minimal

tactile cross-talk. Additionally, they should not be affected by electric field effects.

1.4 Tactile Sensing in Surgery and Medicine

There are a considerable number of interesting applications for tactile sensors in the
industries such as, health care, service robotics, agriculture, and food processing (18, 22].
However, their applications in surgery and medicine are highly unique [38]. Surgery is
essentially a visual and tactile experience and any limitations on the surgeon’s sensory
abilities are most undesirable. From the biomedical engineering point of view, minimally
invasive surgery (MIS) is probably the fastest developing area of research in which the use
of tactile and visual sensing is actually of critical importance [39, 40]. Despite the fact that

MIS is about two decades old, it is now being used routinely as one of the most preferred



choices for various types of operations. Here, in spite of its many advantages such as,
less pain, reduction of trauma, faster recovery time, smaller injuries, and reduction of
post-operation complications, MIS reduces the tactile sensory perception of the surgeon
during grasping or manipulation of biological tissues. It has been reported that measuring
the magnitude and location of the applied forces exerted by the endoscopic grasper during
MIS is the fundamental requirement for the safe handling of biological tissues [41]. In
effect, to perform MIS more efficiently, a surgeon should be able to feel the tissues and
detect the presence of blood vessels and ducts during the procedures. The ability of
sensing the soft tissues is especially important during controlled manipulation tasks, for
example, grasping of internal organs, gentle load transferring during lifting, removing
tissues (e.g., gallbladder in laparoscopic surgery and loose bodies in knee arthroscopy),
and suturing tissues together. The necessity of tactile sensing becomes more evident,
when the surgeons need to manipulate soft tissues (e.g., palpation) using MIS procedures
[42]. Here, to identify and examine various properties of soft tissues, such as, softness and
texture are very difficult, since the surgeon is mostly relying on his/her visual abilities.
This, in turn, means that locating hidden anatomical features such as tumors, or sensing
the abnormal stiffness of organs can be adversely affected [43].

Another interesting application of artificial tactile sensing is in telemedicine procedures
[44, 45]. Telemedicine allows health care professionals to use connected medical devices
in the evaluation, diagnosis, and treatment of patients in other locations, including space
ships. Using medical robotics, telecommunications technology, network computing, and
videoconferencing systems, the performance of these devices can be enhanced [46]. One of
the most important aspects of using telemedicine is to enable surgeons to perform various
procedures at remote locations. These procedures include minor surgeries, consultation,
or palpation. For instance, during the human missions to the lunar surface, astronauts are
thousands of miles away from definitive medical care. Because of this great distance from
the Earth, new systems and procedures should be developed to support in-flight medical

operations. To achieve these goals, telesurgical methods can be employed. Telesurgery
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uses the technological advances acquired in both robots and telemetry [47]. Surgical
telemanipulation or teletaction, using the advantages of tactile sensing, is possibly one of

the future applications of telemedicine-based telesurgical procedures.

1.5 MIS and Tactile Sensing

The minimally invasive idea emerged around 25 years ago with the re-emergence of la-
paroscopy - a procedure that passes a telescope-like instrument with a built-in light source
into the abdomen through tiny incisions in the belly. Through this telescope, the sur-
geon is able to directly view organs inside the abdomen, and even perform operations on
them. Laparoscopy suddenly caught the imagination of general surgeons who saw great
potential for use in other situations. Thoracic surgeons (who operate upon the lungs and
other organs inside the chest) were quick to see the potential in their field as well. Us-
ing a modified laparoscope (promptly re-named a ”Thorascope”) the pioneers examined
diseases of the lungs and food pipe, and carried out minor operations. As they gained
experience and confidence, and as technological developments helped create better and
versatile instruments, more and more complex operations became possible. Although the
first use of the minimally invasive surgery beycks to many years ago, MIS began its victory
train through the operation rooms in recent years. Indeed the penetration speed was
breathtaking and today numerous types of operations are done by this technique. The
minimally invasive surgery, also called endoscopic surgery, is regarded as a powerful tech-
nique that gives a patient’s fast recovery as minimizing tissue damage [1, 48). MIS uses
long tools (see Figure 1.1) and tiny cameras inserted through small incisions in the body
to access the organ. According to the operation fields, MIS is classified into thoracoscopy,
arthroscopy, pelviscopy, angioscopy, laparoscopy, etc. For instance, Figure 1.2 shows a
knee surgery utilizing endoscopic tools. The ‘representative field of MIS is the laparoscopy

surgery (abdominal and pelvic organs) that has a larger workspace than the others of

MIS.

11



Figure 1.1: Two typical MIS graspers used for the slippery tissues.

Figure 1.2: Endoscopic surgery using MIS tools.

The minimally invasive surgical approach offers several advantages over traditional
open surgery. First of all, the cosmetic result is almost always superior to that achieved
with an open operation. For many operations, post-operative pain is significantly reduced.
Earlier return to routine, faster discharge frpm the hospital, and a more rapid return to
full activities are additional benefits. Surgeons skilled in minimally invasive surgical pro-
cedures regularly perform them as rapidly as they perform the equivalent open operations.
Furthermore, the reduction in patient hospital stay results in an actual lowering of total
hospital costs for many of the procedures performed. Since the advantages and disadvan-
tages of MIS are normally compared with open surgery, the ideal tactile sensing capability

of an ideal MIS tool is assumed to replicate the human tactile perceptions. Figure 1.3 [49]
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shows that surgical instruments should ideally substitute human finger tactile capabilities.

Surgical
Instrument

Embedded 4~ Surgical Entry Port

Lump

Patient's Body Wall

Figure 1.3: The idea of artificial tactile sensing which must be able to extract all required
information from the operation environment through a teletaction system and transmit them to

the surgeon’s hand.

Human finger is able to detect softness, texture, temperature, vibration, friction, object
shape, and moisture content of the contact object. For surgeons, softness sensing, texture
and palpation are the most important and functional ones. However, an ideal endoscope
must measure all parameters that a human hand are able to detect and transmit them
to the surgeon by means of a tactile display. Tactile display, in turn, should be able
to reconstruct all these information for the surgeon. Ideally, surgeons must be able to
obtain comprehensive knowledge of the operation field through an intelligent endoscopic
tool. Particularly, they must be informed of the magnitude of the applying forces and
the threshold not to damage tissue. Gregory [50] et al. emphasize on the importance
of the force feedback on performance of MIS. Their results show that subjects are more
comfortable and more accurate at characterizing tissues with simultaneous vision and
force feedback compared to vision feedback alone. The advancement of MIS techniques is
also helpful for the development of Robotic Aséisted Minimally Invasive Surgery as well
as Tele-Robotic Minimally Invasive Surgery and in general for teleoperation procedures.

Since MIS is a kind of teleoperation, as hands of surgeon are not in the site of operation,
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minimally invasive tools can readily be integrated into teleoperation systems.

1.5.1 Force Sensing

Force sensing, is a basic and necessary capability of tactile sensors that has been investi-
gated for a long time. Today very sophisticated force sensors for both concentrated and
distributed force/pressure are available in the market. The majority of tactile sensors are
working based on piezoelectric, piezoresistive and capacitive techniques or a combination

of these properties [12, 21, 22, 51].

1.5.2 Force Position

The capability of finding the position of applied load is believed to be very useful in
MIS procedures. A homogenous soft object compressed between two jaws of MIS grasper
experiences a uniform distributed load. However, as shown in Chapter 4, the presence
of an embedded lump in a grasped soft object appears as a point load superimposed
on a uniform distributed load. Therefore, one of the immediate and most interesting
applications of force position sensitivity as shown in this research is in locating any hidden
features in bulky soft object. Nevertheless, the application of force position sensitivity is

not only limited to lump detection.

1.5.3 Softness Sensing

Softness/hardness of the soft objects is defined as resistance of material to deformation
(or indentation) [52, 53]. Hardness sensing is already in use in industry. There are
specific procedures to measure the hardness of the hard objects. However to measure the
softness of the soft objects generally and the soft tissues particularly, one must consider
the behavior of the contact object. Soft tissues are nonlinear and viscoelastic materials.
In addition they show hysteresis in loading and unloading. Variation in characteristics of

the different soft tissues adds even more complexity to the problem. Characterization of
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the soft tissues has been restricted by the fact that the behavior of the soft tissues differs
in vivo from ex vivo conditions.

The softness testing of soft objects is most commonly measured by the shore (Durom-
eter) test. This method measures the resistance of the object toward indentation and
provides an empirical hardness value that does not have explicit relation to the other
properties or fundamental characteristics. Shore hardness, using either the shore A or
shore D or shore QO scale, is the preferred method for rubbers/elastomers. While shore
0O is used to measure the softness of very soft materials, shore A scale is used for soft
rubbers and the shore D scale is used for harder ones. The shore A softness is the relative
softness of elastic materials such as rubber or soft plastics and can be determined with
an instrument called a shore A durometer [53]. International Rubber Hardness Degrees
(IRHD) also introduces a measurement scale for this purpose. Young’s modulus can be
related to the softness of soft objects by a nonlinear relationship and can represent how
much spring force, a rubber component will exert when subjected to a deformation. Sev-
eral researchers have attempted to measure the softness of soft objects in different ways.
One method is using piezoelectric material in their natural frequency and differentiating
contact objects due to shift in natural frequency. Reported shift in natural frequency for
wooden plate to silicone gum is about 750 Hz [54]. Using mechanical torsional step and
then measuring the transient response to this stimuli is reported by Yamamoto [55]. They
used a rotational step motor to create a screw-like motion in soft tissue. At this moment,
viscoelasticity of the epidermis is evaluated from analyzing the inducting coil of the step
motor. The waveform of the voltage of inducing coil can be characterized by overshoot,
damping ratio and undamped natural frequency. Hardness evaluation was carried out by
Bajcsy [56], by pressing a robotic finger, sensorized with a low spatial resolution tactile
sensor, against the object. This was performed in small incremental displacement steps,
and by reading the sensor output during the loading and subsequent unloading processes.
Material hardness was ranked according to the slopes of the linear parts of the loading

and unloading sensor outputs. Work along similar lines was reported by Bardelli et al
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[57], using a single element sensor made of a piezoelectric polymer pressed against flat
sheets of rubbery materials of different compliance and backed by a reference load cell.
Hardness ranking was associated with the slope of the straight line obtained in the sensor
out-put reference cell signal plane under loading. De Rossi et al [58] proposed the use of
charged polymer hydrogels as materials useful in tactile sensing, in particular for softness
perception, because of their ideal compliance matching with human skin. Softness sensing
has been applied as a diagnostic tool. For example in diabetic neuropathic subjects, the
hardness of foot sole soft tissue increases in different foot sole areas [59]. Using an active
palpation sensor for detecting prostate cancer and hypertrophy is reported by Tanaka
[60].

Although a number of tactile sensors have already been designed, analyzed and man-
ufactured [11, 60, 61, 62, 63], some of them for MIS applications, most of the developed
tactile sensors are confined to force sensing. In addition, the proposed tactile sensors,
either are very complex in structure and operation or difficult to microfabricate. For in-
stance, Shikida et.al. [62], reports an active tactile sensor able to detect both contact force
and hardness of an object. Their system consists of a diaphragm with a mesa at the cen-
ter, a piezoresistance displacement sensor at the periphery, and a chamber for pneumatic
actuation. To detect the hardness-distribution, the contacted mesa element is pneumati-
cally driven towards the object. The contacted fegion of the object is deformed according
to the driving force of the mesa element and the hardness of the object. Then from the
relationship between the resultant deformation and the driving force generated by pneu-
matic pressure, the hardness of the contact object can be evaluated. The proposed tactile
sensor is microfabricable which makes it attractive However, precise pneumatic drive and
control of a matrix of these sensors could be a formidable task.

Dargahi et.al. [11], proposed a softness sensor which consists of two coaxial cylinders.
The outer cylinder is compliant and the inner one is rigid. The cylinders are attached to
a base plate in such a way that two circular PVDF films are also inserted between the

cylinders and base plate. When the tactile sensor is in contact with an object, depending
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to the softness of the object, the ratio of the PVDF films outputs would be different.
Although the proposed idea of softness measurement is novel, it is difficult to fabricate
the sensor through the conventional micromachining procedures due to use of complaint
material. In addition, in order to change the working range of the sensor (the range of the
objects Young’s modulus that the sensor is capable of measuring) the Young’s modulus
of the compliant cylinder must be changed which potentially is very difficult.

Another approach by Lindahl et. al. [64] to detect the physical properties, stiffness and
elasticity of human skin, utilizes a piezoelectric sensor oscillated at resonance frequency.
A vibration pick up electronics and a PC with software for measurement of the change
in frequency when the sensor is attached to an object are other parts of this sensor. The
sensor was essentially developed to be used in a hand-held device and there is no report on
sensor microfabriction. In addition, no experiments associated with MIS application were
conducted, therefore, the capability of the sensor in detecting the applied load, softness

of the object and detecting any embedded lump within the tissue is not examined.

1.5.4 Lump Detection

Among the missing information in MIS, Palpation is of special importance. Palpation,
is routinely being used in open surgery by surgeons to differentiate the abnormal tissues
from the normal tissues, or detecting the tumors as the biological tissue composition and
consistency often vary from one tissue to another by various diseases [65]. The localization
of hidden anatomical features has been the subject of some researches [66]-[70]. However,
these studies have largely been focused on breast cancers. Hence their findings cannot be
directly used for MIS applications. Kattavenos [71] reported the development of a tactile
sensor for recording data when the sensor is swept over the phantom with simulated
tumors. However, no information regarding the size and depth of the lump is extracted

from the data.
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1.6 Piezoelectricity

The piezoelectric effect is a reversible electromechanical effect where the mechanical strain
¢ and stress o are coupled to the electric filed £ and displacement D (or charge density)

as follows:

D=do e=d E (1.1)

where d% is the transpose of matrix d. The first equation describes the charge density
when stress is applied to the crystal and is called direct piezoelectric effect. Alternately,
the second equation describes the converse piezoelectric effect in which the crystal become

strained when an electric filed F is applied.

Polyvinylidene Fluoride as a Piezoelectric Material

Since 1970’s, when the enhanced piezoelectricity of polyVinylidene fluoride, PVDF, was
achieved [72], due to its combined merits of high elasticity, high processing capacity, and
high piezoelectricity, the investigation on its properties and applications has been increas-
ingly grown. The successful applications of PVDF in beams, plates, and membranes for
the vibration control [73, 74|, damage detection or structure health monitoring [75, 76],
shape and motion control [77], force and pulse sensing applications [78], among many
others are increasingly reported in the literature. In this study, PVDF as a highly sensi-
tive polymeric piezoelectric material is selected because of its linearity, biocompatibility
[79], MEMS compatibility, and wide range of frequency, which starts almost from zero.
As a piezoelectric material it is capable to transform mechanical forces or displacements
directly to the charge without any driving supply voltage, this can be counted as an
advantage of piezoelectric materials over several other techniques such as resistive, capac-
itive, and conductive. In addition PVDF films can be used in a number of situations such
as axial and normal tension and compression, which makes them superior to many other
transduction methods such as piezoresistive, and capacitive techniques.

The piezoelectric PVDF, which is commonly prepared in the form of thin films, is

a semi crystalline polymer with a crystal volume fraction of about 50-60 % after melt

18



extrusion. Having quenched at a temperature below 150°C, PVDF crystallizes in phase
« (or form II). As a result of a mechanical stretching normally up to four times of initial
length [80] at about 60 °C, the a-phase film undergoes transition to the -phase (or form
I), which exhibits highly piezoelectric sensitivity [81]. Among four stable crystal structures
at room temperature, a PVDF film in § phase, polarized at elevated temperatures, shows
very strong piezoelectric and pyroelectric properties. The mechanical stretch tends to
align the 1-axis of the crystals parallel to the stretching direction, giving the crystals
the desired orientation. Then an induced electric field above 100V/um under controlled
temperature aligns the dipoles [82]. It seems that the field is more effective in aligning
the dipoles during the mechanical processing stage in which the crystals are reformed into
oriented lamellae [83]. Although the above PVDF manufacturing method is popular, it is
not the only way of preparing this piezoelectric polymer. Some other techniques such as
spin coating, and types of deposition methods are also investigated [84, 85], particularly in
conjugation with the Micro-Electro Mechanical Systems (MEMS) technology. However,
due to the complexity of the in-house PVDF depositions, the pre-manufactured PVDF in
different applications including MEMS devices are frequently reported [86, 87, 88].

The anisotropic behavior of the uniaxial PVDF film, indeed originates from the afore-
mentioned process history, as the large degree of microscopic order resulting from the
orientation reduces the in plane 1—axis randomness and make the macroscopic piezoelec-
tric behavior more consistent with that of the mmeg point group crystal symmetry. Of the
thirty-two crystal classes, PVDF with mms symmetry is known to exhibit direct piezo-
electricity with the permittivity, € (a 3 x 3 matrix with nonzero component on diagonal),
piezoelectric coefficient matrix, d (a 3 x 6 matrix with nonzero dys, dos, ds1, dsz, dss),
and the stiffness matrix, C (given for orthotroiaic material) [89].

The uniaxial film is the result of mechanical drawing of the film in one direction. This
direction is called drawn direction or referred to as 1-axis which has the highest piezoelec-
tric coefficient. Alternatively, stretching the film in two in-plane axes yields the biaxial

PVDF film with lower but laterally isotropic piezoelectric properties.
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Figure 1.4: The conventional notations of the principal directions of uniaxial (top) and biaxial
(bottom) PVDF film. Uniaxial PVDF film can be classified into orthotropic materials, while

biaxial films show behavior similar to the transversely isotropic materials.

Figure 1.4 illustrates the metalized uniaxial and biaxial PVDF films along with their
principal directions and their associated piezoelectric coeflicients. In the uniaxial PVDF
film (top picture) the drawn direction which also exhibits the highest sensitivity is labeled
as 1-axis, whereas the perpendicular direction with a sensitivity of about one tenth of that
of drawn direction, is referred to as transverse. The thickness direction, 3-axis, is normal
to the plane of 1 and 2-axes. In thickness mode, normal load is applied to the surface of
the PVDF and the resultant output charge is collected from the surface. In this case, ds3
relates the magnitude of the applied load F' to the produced charge Q.

The biaxial film shows isotropic behavior in the plane of the film. In addition, the
piezoelectric coefficients for the directions 1 and 2, d3; and dsq, respectively, are equal.
In dealing with piezoelectric coefficients, d;;, the first and second subscripts represent
the electrical and mechanical direction, respectively. For instance, ds; is the piezoelectric
coefficient that relates the charge collected from the area of film, i.e. 3-axis, to the force
applied in the l-axis direction.

As it can be concluded from Figure 1.4, due to thinness of the film, practically the only
sides of the PVDF that electrodes can be deposited are the surféces that are perpendicular

to the 3-axis. However, force can be applied in all three directions. This is the reason
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why ds;, dss and dsz are the most common coefficients that are used. The PVDF film
can generally be attached to the host structure in a rotated state in which the drawn
direction (1-axis) in not necessarily aligned with the global coordinate system. In this
case, for example for a force applied in X — direction, both d3; and dsy will contribute in
the output charge.

Due to the remarkable difference between ds;, the piezoelectric coefficient in the 1—axis
direction, and dsg, the coefficient in the 2—axis direction, (dss ~ d3;/10), the uniaxial
PVDF film is used in extensional mode (1-axis) in over 90% of the practical applications
[90]. Although extensional mode can be attributed to both directions 1 and 2, in which

the film can extend, normally direction 1 is intended.

1.7 MicroElectroMechanical Systems (MEMS)

1.7.1 MEMS in Surgery

Microelectromechanical systems (MEMS) is a technology developed from the integrated
circuit (IC) industry to create miniature sensors and actuators. MEMS devices were used
in medical applications in the early 1970s with the advent of the silicon micromachined
disposable blood pressure sensors [91]. Since then MEMS devices have expended into other
medical areas including surgery. Today, the incorporation of MEMS devices on surgical
tools represents one of the greatest growth areas [9]. MEMS technology has the potential
to improve surgical outcomes and lower the risk, at a reduced cost by providing data
about instrument force, force position, tissue softness, detection of any hidden anatomical
features among many others. MEMS devices are able to offer competitive advantages
because of their low cost due to batch fabricatioﬁ, small size, and improved functionality.
On the other hand, one of the fastest growth in surgery is owned by minimally invasive
surgery. It is estimated that by end of next decade, 80% of all surgeries will be done by MIS
[9]. Recent researches in this area have mainly revolved around design and fabrication of

MEMS based tactile sensors. Special attention has been paid to develop smart endoscopic
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tools through integration of miniaturized sensors into MIS graspers.

Biocompatibility, is a requirement for MEMS devices that come into contact with
the human body. The level of required biocompatibility, of course is case dependent.
Although no cellular toxicity with conventional MEMS materials has been reported [92],
isolating MEMS devices from the body by packaging them in biocompatible polymers is a
conventional procedure. Sterilization is another concern in using medical MEMS devices.
Packaging must be of a compatible material with the designated sterilization methods.
There are a number of techniques for sterilization such as using high temperature and
moisture in autoclaves, or using gas such as ethylene oxide or irradiation.

Any medical MEMS device should meet many regulatory controls such as those en-
forced by the Food and Drug Administration (FDA) or European Community (EC).
Design cycle for BlioMEMS generally takes between 5 to 15 years. The approval process
for disruptive technology can be substantially longer. Lengthy sets of clinical trials can be
avoided if MEMS sensors are applied to existing surgical tools. For instance, retrofitting
existing surgical tools is the preferred method of entry for MEMS products due to its faster
path to market. In addition, retrofitted tools have already been accepted by surgeons who
are familiar with their applications and use.

MEMS devices which come into contact with the body must be biocompatible. For-
tunately, preliminary results indicate that there are no cellular toxicity effects and no in-
crease in clotting with conventional MEMS materials [92]. However, the current approach
in using MEMS in wvivo relies on isolating MEMS devices from the body by packaging
them in biocompatible polymers. These polymers, however, can add to the size of MEMS
devices as well as reduce their accuracy. To overcome these issues, nano-particle coatings
and bio-compatible polymer micro-machining need to be investigated further [92].

The design of the intended sensor must be such that it is possible to adapt for MEMS
technology. The MEMS techniques are considered for the microfabrication of the sensor.
Many techniques such as anisotropic etching now are routinely used in MEMS and can be

applied for the silicon etching. Integrating PVDF film into silicon can be performed mono-
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lithically or through hybrid integration. Monolithic integration utilizes microfabrication
techniques such as spin coating to integrate the piezoelectric film.

This study uses hybrid integration in which pre-polarized factory made PVDF film
is used. Since deposition techniques of PVDF are currently being researched at this

department, full monolithic integration would be possible in future works.

1.7.2 Micromachining

Micromachining is a way of fabricating MEMS devices. This includes thin film deposition,
photolithography and etching. Micromachining can be categorized into bulk micromachin-
ing and surface micromachining. Bulk micromachining involves removal of significant re-
gions of the substrate (e.g. etching cavities in a silicon substrate) and can thus be thought
of as a subtractive process. Surface micromachining, on the other hand, involves building
up and patterning thin-film layers to realize the desired structures on the surface of the
wafer (an additive process) [93]. Micromachining efforts, to date, have primarily focused
on silicon, partly for historical reasons, and partly for practical ones. In fact, most of the
techniques developed for the integrated circuit industry are well characterized for silicon.
Etching is widely used for silicon bulk micro-machining and can be categorized into dry
and wet or isotropic and anisotropic etching. Dry etching utilizes gaseous phase etchant
for both sacrificial and bulk micro-machining.

Anisotropic wet etching, on other hand, uses chemical etchant in the form of the liquid
and the etch rate is crystallographic orienfation dependent. For instance, three planes
(100), (110), and (111) are of particular importance in silicon crystals. A 400:1 ratio of
etching rates between <100> to <111> orientations is possible [94]. Due to the difference
in etch rates, when a (100) wafer is exposed.to etchant, a pyramid with sidewall slope at
54.74° appears. This feature is used to fabricate many micromachined devices. Etch front
for isotropic and anisotropic silicon etching is introduced in Figure 1.5. Due to difference
in etch rate for various orientations mask window opening must be designed accordingly.

Popular wet anisotropic etchant for silicon include potassium hydroxide (KOH), ethylene-
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Figure 1.5: Anisotropic etching of a (100)-silicon.

diamine and pyrocatecol (EDP), and the one used in this work, tetramethyl ammonium
hydroxide (TMAH). To transfer a pattern to a silicon substrate, photolithography is the
popular technique. This method uses several steps including applying photoresist; expose
the photoresist to UV light through a mask. The final steps are development, etching
and resist removal. Spinning is the common method of applying photoresist on a silicon
substrate. Masks, which consist of opaque and transparent regions to block and trans-
mit UV light in that order, are often made of quartz. This work used standard positive
photolithography in conjugation with TMAH etching for the sensor microfabrication. Af-
ter making the desired silicon structure using bulk micromachining, PVDF layer must
be integrated with the device. In recent years, the interest in integrating PVDF or its
copolymers on silicon base has strongly grown [86, 95]. There are two principal methods
to integrate the PVDF film into a MEMS device namely monolithic and hybrid. Sakata
[84], and Asahi et al, [85] used electrospray method to deposit PVDF on silicon substrate.
Fujitsuka [96] reports deposition of PVDF by ESP technique in a pyroelectric array sensor.
A PVDF solution of 0.2 wt% in an organic solvent such as dimethylformamide (DMF) was
charged by applying an electric voltage of 8-15 kV between the needle and the electrode
of the substrate. The charged droplets of the PVDF solution were transported from the
needle to the substrate by the electric field. On the way to the substrate, most solvent
is vaporized by N,. Subsequently, polymers of the PVDF along with the residual solvent

are deposited on the electrode of the substrate, and simultaneously dipoles in the PVDF
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were arranged perpendicularly to the substrate due to the electric field. Kohler et al,
used spin coating technique to deposit PVDF on a 3-inch silicon wafer. The achieved film
thickness was 1.3 um. They used capacitance poling at room temperature with satisfac-
tory results. Deposition of PVDF and its copolymers utilizing spin coating method have
been reported by Schellin et. al. [97]. Vacuum deposition is also used for deposition of
PVDF on a substrate by Hoon, [98]. Physical vapor deposition or spray-assisted vapor
deposition methods are used by Park [99] and Choy [100]. Chatrathi [101] also reports
the microfabrication of PVDF films using spin coating technique. On the other hand,
Binnie et. al. [86] tried a number of methods and believe using hybrid method is the
most reliable technique. They used a UV curing acrylic to adhere a 9 um poled PVDF
film to the silicon substrate. The sample was then placed under a strong UV lamp at a
slightly raised temperature to cure the adhesive. This method is introduced as a simple
and low cost process. Weller, [87] also have used pre-polarized 9 pm thick PVDF film on

a silicon substrate by means of UV curing epoxy to develop a pyroelectric sensor array.

1.8 Objective of Research

The objective of this research revolves around introducing a system for registering and
demonstrating the tactile information in MIS. This system requires an integrated tactile
sensor for extracting tactile information from the grasped object, interpretation of the
obtained data and presenting the data in a functional way. The whole task is divided into

smaller objectives, which are stated as below.
e Proposing a design for a multifunctional tactile sensor, appropriate for MIS tools.
e Characterization of the proposed sensor.

e Characterizing the utilized transduction element (i.e., PVDF) and investigating the
influence of different boundary conditions on PVDF output in the sandwich struc-

tures, which is used in the sensor.
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Studying the applicability of the position sensitivity in locating the lump in bulk

soft object.

Developing a reasonable model for the grasped soft object (e.g., Hyperelastic model).

Micromachining of the proposed sensor.

Performance testing of the proposed sensor to differentiate soft objects as well as

its capability in locating lumps.

1.9 Thesis Scope and Outline

Due to multidisciplinary nature of the work the scope of this research is limited to some
key aspects of the haptic sensing, such as, force, force position and softness sensing, and
a general class of MIS tools, which are suitable for tissue grasping. The transduction
element is chosen to be uniaxial piezoelectric PVDF film. A brief characterization of
PVDF has been taken into account in order to be used in design, analysis, fabrication
and testing of the proposed sensor. To model the grasped soft tissue, a simple model of
the soft tissue such as linear elastic model (or hyperelastic model) is considered. Due to
the difficulties in using real soft tissue elastomeric materials which exhibit very similar
behavior, are used. The anisotropic silicon wet etching of MEMS technology is considered
for micromachining.

This thesis is divided into seven chapters and four appendices. To be self contained, the
fundamental formulations used in this study are gathered and in order to avoid interrup-
tion of flow in chapters, presented in appendices. Therefore, each chapter is self-contained,
however, the reader can consult the corresponding appendix when needed.

The motivation, objectives and scope of this reséarch along with an introduction to tactile
sensing, minimally invasive surgery, piezoeleptricity and micromachining are presented in
Chapter 1.

The next chapter is dedicated to PVDF characterization. In this chapter, mechanical
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and piezoelectric characteristics of both uniaxial and biaxial piezoelectric PVDF film are
examined. The influence of anisotropic property of PVDF film in its performance is also
taken into consideration. Finally, this chapter reports on the influence of the surface
friction in sandwich configurations. The theoretical and experimental knowledge gained
from Chapter 2, is used throughout the research.

Chapter 3, introduces the fundamental working concept of the proposed sensor in soft-
ness sensing as well as position sensing. In addition to analytical and numerical (FEM)
approaches, experiments are also conducted to vélidate the obtained results.

As soft tissue exhibits nonlinearity (among many other complexities), Chapter 4 focuses
on hyperelastic characteristics of soft objects. Particularly the effect of existence of a
lump on surface stress distribution is emphasized. This chapter is confined to the uniax-
ial compression state which is the case in the grasped tissues by MIS graspers.
Alternatively, Chapter 5 proposes a graphical method for presentation of gathered tactile
information by any typical smart MIS grasper.

Chapter 6 describes the design, analysis, fabrication and testing of microtactile sensor.
Finally Chapter 7, contains a summary, some suggestions for future work and points out

the contributions of the present research.
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Chapter 2

Characterization of Piezoelectric

Polyvinylidene Fluoride Film

2.1 Introduction

Piezoelectric polymer Polyvinylidene Fluoride (PVDF) film exhibits extremely large piezo-
electric and pyroelectric response, making it attractive for the design of highly sensitive
sensors for use in robotics and endoscopes sensors [1, 11, 22, 61, 102]. The piezoelec-
tric applications of the PVDF film vary from robotic (e.g., matrix sensors, displacement
measuring transducers), medical instruments (e.g., blood flow detectors and ultrasonic
echography) to military applications (e.g., hydrophones and IR detectors). The applica-
tion of PVDF extends to transportation, sports, acoustical sensors, optical, and electrical
sensors. It is believed that piezoelectric principles have been the most attractive amongst
research in the field of tactile sensors [18]. PVDF film exhibits many advantages; it is
light, rugged, and potentially low cost. It is skin-like, can be prepared between 6 um to
2 mm in thickness and due to its flexibility, could be formed into complex surfaces [103].
In addition, PVDF has bandwidth ranging from near D.C. up to the megahertz range.
Due to numerus advantages of the piezoelectric PVDF it has been used as the transducer
(sensing element) in the proposed tactile sensor in this study. Prior to any discussion

on the tactile sensor principle or its structure, an elaborate investigation on PVDF itself
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including its mechanical and electromechanical (piezoelectricity) properties are required.
Although several investigators have reported measurements of the piezoelectric and pyro-
electric properties of PVDF film [104]-[111], some in-depth theoretical and experimental
knowledge about the PVDF characteristics and the parameters that affects its application
in different structures are still required.

In this section (in conjunction with Appendix A), the detail of theoretical and experi-
mental knowledge that was required to understand the fundamentals of using PVDF in
a piezoelectric sensor is elaborated. Furthermore, basic measurements of material prop-
erties, which was required to allow interpretation of the results obtained in any PVDF
sensing devices, are conducted. Tests are carried out on the commercial film supplied by
Goodfellow [112], which serve two purposes: To allow one to ascertain the adequacy of
the PVDF test procedures in comparison with the nominal values provided by the man-
ufacturer, and to provide base measurements for any sensor systems using PVDF film.
Section 2.2 reports the characterization of mechanical properties of PVDF film for both
uniaxial and biaxial films, while Section 2.3 is devoted to the measurements of piezoelec-
tric coefficients of piezoelectric PVDF films. In addition, the effect of anisotropic PVDF
film on its output is discussed in this section. In Section 2.4, details of the characterization

of PVDF in sandwich configuration, including the effect of friction are reported.

2.2 The Mechanical Properties of Piezoelectric PVDF
Film: Uniaxial and Biaxial

A precise mechanical testing machine (Bose, 3200 Series) was used to attain the stress
strain characteristics of the uniaxial PVDF film in 1 and 2-axes. The peak force of the
system is & 225 N in a 12.5 mm range of displacement. The apparatus is shown in Figure
2.1. The extension of the film was measured using a calibrated Linear Variable Differential
Transformer (LVDT). Three specimens of 110 um film were cut into a dumbbell shape.

The gauge length of the specimens was 26 mm and the width was 8 mm.
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Load Cell & ;

Figure 2.1: The material testing machine used for the characterization of mechanical properties

of PVDF film.

Tensile stress-strain characteristics were obtained for specimens oriented in the 1-
direction and in the 2-direction. These averaged results are shown in Figure 2.2. The
load (displacement) was applied in a ramp fashion (0.1 mm/sec), and the extension and
load was measured during the test. These measurements showed that the Young’s modulus
parallel to the drawn direction was 2.3 GPa while perpendicular to the drawn direction
the modulus was 1.85 GPa. These compare with the modulus range given by Goodfellow,
which are 1.8—2.7 GPa for the longitudinal and 1.7—2.7 G Pa for the transverse directions,
respectively. Similar experiments were conducted to measure the mechanical property of
biaxial film. The calculated Young’s modulus from the obtained results was 1.95 GPa

which is comparable with value 2 G Pa provided by manufacturer.

2.3 The Piezoelectric Properties of the Uniaxial and

Biaxial PVDF Films

The three piezoelectric coefficients, ds1, dss and ds3 are of special interest in sensor appli-

cations. The measurement of piezoelectric coefficients d3; and ds; compared to that of
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Figure 2.2: Tested stress-strain characteristics for the uniaxial piezoelectric PVDF in 1-direction

as well as 2-direction.

ds3, is straightforward and is explained below. Measurement of ds3 is challenging and is

discussed separately in Section 2.4.

2.3.1 Measurement of dsjand ds,

Since there is no electrical (charge) output for piezoelectric materials in response to the
applied DC loads, applying periodic loads is the conventional method of measuring the
piezoelectric coeflicients. A sinusoidal force is the simplest waveform for this purpose.
The frequency of the sinusoidal load has to be determined and preferably must be higher
than cut off frequency’. A picture of experimental setup is shown in Figure 2.3.

In order to measure ds;, the piezoelectric coefficient of (Goodfellow) PVDF film in

I Piezoelectric PVDF can simply be modeled as a voltage source in serial with a capacitor C. On the
other hand the input impedance of amplifier can be modeled as a resistor R. The combination of R and C
acts as a high-pass filter. For a given resistance R and capacitance C, at a certain frequency the output
amplitude will be attenuated to 0.707 of the input amplitude. This frequency is called cut-off frequency.

To avoid attenuation, working frequency must be enough above this frequency.
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Figure 2.3: The experimental setup used for measurement of piezoelectric coefficients ds; and

dsa.

drawn direction, samples were cut in such a way that drawn direction of the film was
parallel with the length of the samples. Alternatively, to measure ds; the samples were
cut out from the film in such a way that their drawn directions were perpendicular to the
length of the samples. The effective length and width of the 110 wm thick sample were
20 mm and 8 mm, respectively. The results for coefficient d3; and ds are illustrated in
Figure 2.4. To calculate d3; and ds», stress and charge density are required. The tensile
stress was calculated from the applied force and cross section of the film. By knowing the
amount of charge and also the surface area of the film (metalized area), charge density
was calculated. The coefficient ds; is the ratio of charge density to the tensile stress.
These measurements gave results in good agreement with the nominal values quoted by
Goodfellow [112], with d3; = 19.0 £ 0.3 pC/N and d3; = 2.0 = 0.1 pC/N. (The values
quoted by Goodfellow were 18 — 20 pC/N and 2 pC/N for d3; and dsg, respectively).

32



x 107

N
o

Experimental data
corresponding to  d3

S / data corresponding to  da2
’_4=¢——v T

Force (N)

=
(8] ]

Charge (C)
=

Figure 2.4: The results obtained for the piezoelectric coefficients d3; and d3z of uniaxial piezo-

electric PVDF in 1-direction as well as 2-direction, respectively.

2.3.2 The Anisotropic Property of Uniaxial PVDF film and its
Influence on Sensor Application

As mentioned earlier, the mechanical process on uniaxial and biaxial PVDF films are
different. The uniaxial PVDF film behavior is quite similar to the orthotropic materials,
while biaxial PVDF film exhibits the properties of transversely isotropic materials. In
addition, there is no standard process for preparation of the PVDF film which causes
parity in its mechanical and electrical properties. The discrepancy observed between few
reported values for the material properties of the orthotropic PVDF, which has root in dis-
similar mechanical and electrical production process, is one of the obstacles in considering
the anisotropic properties of the piezoelectric PVDF in the studies. Various electrical and
mechanical properties for the uniaxial and biaxial PVDF film are reported by different
manufacturers [112, 113, 114] and are given in Table 2.1.

This section aims at the elaborating the effects of anisotropic behavior of both the

uniaxial and biaxial PVDF film on the output voltage in the sensory mode. The behavior
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Table 2.1: PVDF properties reported by manufacturers. Piezoelectric and Elastic coefficients
are given in pC/N and GPa respectively. The symbol dsp, represents the hydrostatic piezoelec-

tric coefficient.

Uniaxial PVDF Biaxial PVDF

d31 d32 d3z d3zn  Enr Eo FE33 |d3gi=d32 dzz Ein=FEx

Piezoflex 14 2 -34 -18 2.5 2.1 09 - - -
Goodfellow | 18/20 2 -20 -6 1.8/2.7 1.7/2.7 - 8 15/16 2
Piezotech 18 3 -20 - - - - 7 -24 -

of the PVDF film can be attributed to the mechanical anisotropic characteristic, which
affects the stress-strain relation as well as non-equality of d3; and d3p in the electro-
mechanical relations. The response of the sensation and actuation modes varies as a
function of deviation angle 6, which is the angle between the material coordinate system
in which all material properties are defined and the global coordinate system. In order
to show the differences between these two types of PVDF films, a simple cantilever beam

was selected as the host structure.

3,ds z
A
X
a L PVDF Film g
3,dsy z
2, d3 17 d31 /y
= 0

¢ ¢4

6=0° 6=45° 9=90°

Figure 2.5: The PVDF material coordinate system (1, 2, 3) versus the global coordinate system

(x, v, 2).
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Figure 2.5-a, shows the case where the PVDF film is adhered to the beam in such a
way that the material coordinate system and the global coordinate system have the same
orientations, while Figure 2.5-b, represents the case that the PVDF 1-axis is rotated with
the amount of  with respect to the global coordinate system (x, y, z). As it is emphasized
in Figure 2.5-c, the edges of the piezoelectric patches remain parallel with the global axes,
however, the drawn direction, i.e. l-axis, rotates with respect to the global axis. When
the developed stress due to the applied load is in the x-axis direction, the best sensing
and actuation response will be achieved from a piezoelectric, which its 1-axis is oriented
in the global x direction. However, in some cases the orientation of the applied load might
result in a two-dimensional stress profile and thus finding the best orientation to attach
the piezoelectric film is important. The rotation between the material property and the
global coordinate system can also occur inadvertently during the manufacturing phase of
a sensor. Obviously by simply considering PVDF as an isotropic material, no alterations

in the responses in terms of deviation angle would be observed.

Uniaxial PVDF Film

As mentioned earlier, the behavior of the uniaxial PVDF film under the similar condition
is different from that of the biaxial PVDF film. Figure 2.6 shows the predicted variations
of normalized total output voltages in terms of the deviation angles of the uniaxial PVDF
subjected to a set of forces, F, 2F and 3F, in which F is a downward point load of 10
N applied at the tip of the cantilever. The length, width and thickness of the cantilever
are 24 cm, 2.4 cm and 2 mm, respectively. In Figure 2.6, the curve corresponding to 3F
is normalized and was used as a reference for the other force values. Even though the
results are shown for a force F=10 N, the trend is identical for any force F in the linear
range. The results show that for each force state, the variation of the voltage due to the
orientation angle is nonlinear and significant ( fhe voltage output at 8 = 90 is dropped
to 4% of its initial value at zero degree). This remarkable decrease is not only due to

the difference between piezoelectric coefficients in 1 & 2-directions, but also because of
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Figure 2.6: The predicted variations of normalized output voltage of the uniaxial piezoelectric

PVDF film for different applied loads. For this simulation load F was 10 N.

difference in Young’s modulus of PVDF in these two principal directions. Although the
piezoelectric output voltage decreases nonlinearly with increasing the deviation angle, for
each specific angle the output voltage increases linearly with increasing the applied force.
This is shown in Figure 2.7. The contribution of each piezoelectric coefficient in the total
response when the deviation angle varies between § = 0° and § = 90° is investigated and
the results are shown in Figure 2.8. It can be realized that the total output voltage is
mainly comprised of the voltage associated with d3;. For instance, at § = 0°, only 1.5%
of the total voltage is due to ds;. The sigpiﬁcant reduction of dsp contribution in the
output voltage can be attributed to the combined effect of both mechanical anisotropic
properties of the uniaxial PVDF film, as well as the significant difference between ds; and
d3o values in the uniaxial PVDF. The lower Young’s modulus in the transverse direction
yields the lower stress, hence the lower charge output for the same strain value compared
with the biaxial film. It is seen that the maximum difference between the total output
voltage and the voltage induced by dg; is at 8 = 90° and is equal to 4.5%. Similar to the
biaxial case the voltage component resulted from ds3 coefficient is close to zero. In many

applications in which the uniaxial PVDF film experiences merely a uniaxial tension, it is
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Normalized Output Voltage

Force Amplitude

Figure 2.7: Variation of output voltage of the uniaxial piezoelectric PVDF film versus force

amplitude for different PVDF deviation angles.

preferred to adhere the film in such a way that its material coordinate system coincides

with the global coordinate system, where the deviation angle is zero.

Biaxial PVDF Film

The piezoelectric coeflicients of the biaxial PVDF are equal in the 1-axis and the transverse
direction, 2-axis. In other words, the ratio of ds;/dse, for the biaxial PVDF film is
unit. This equality of the piezoelectric coeflicients is in compliance with the isotropic
mechanical property of the biaxial PVDF film (i.e., Ey = E,). Figure 2.9 shows the result
for the output voltage versus orientation angle of the biaxial PVDF film. The output
voltage is normalized with respect to the total output voltage, Viota. The variations of
the contributing components in the total output voltage, namely Vg, and V4, which are
due to the piezoelectric coefficients d3; and dsy respectively, are clearly shown in this
figure. It is noted that in order to compute the voltage component associated with each
piezoelectric coefficient, the other coeflicients are set in turn to be zero. It can be realized

that in the biaxial PVDF film, the total output voltage is constant, hence independent of
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Figure 2.9: Variation of output voltage of the uniaxial piezoelectric PVDF film versus force

amplitude for different PVDF deviation angles.
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the deviation angle. The symmetry observed in Figure 2.9 is due to the equality of the ds;
and dz; in the two perpendicular directions along with the isotropic material properties
of the biaxial PVDF film. It is seen that in the zero degree deviation, the contribution of
ds in the total output is about 7%.

It should be noted that the contribution of the ds3 in total output voltage depends on
the boundary conditions and when there is no constraint in the Z-axis, no stress would
be developed in this direction, hence no contribution due to dsz in the total output would

be seen.

2.4 Characterization of Piezoelectric PVDEF Film in
Sandwich Configurations

Although the application of the PVDF films in extensional mode is dominant, there are
some situations that the PVDF must be placed between two surfaces. For instance,
in the traditional piezoelectric force sensors, it is customary to place the piezoelectric
sensing element between two plates also acting as electrodes. These plates transmit the
normal force to the surface of the PVDF, so that they transform the applied point load
to a distributed load over the piezoelectric surface. Traditionally to avoid the complexity
of considering friction forces, the sensor package is treated as a black box and just the
relation between input and output is considered. Therefore, for a given set of piezoelectric
element and surfaces, the output of the sensor is empirically calibrated in terms of the
input load. Fortunately, the force sensors which are calibrated in this way perform well.
However, in this case, the output charge of the ‘PVDF is a combination of the thickness
mode charge and another component which is caused by the friction force. Nonetheless,
the response of piezoelectric sensor is highly sensitive to the surface condition and varies
with any changes in manufacturing line that affects the surface condition.

As we see in this section, the results of this study is helpful in modification and

optimization of the commercial piezoelectric force sensors. This research is performed
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on the piezoelectric PVDF film, nevertheless, the results could be applied to any other
piezoelectric force sensor in which the friction force is considerable. This study also has
another fundamental application in the measurement of ds, the piezoelectric coefficient
in the thickness mode. The piezoelectric coefﬁéient ds3 is the most difficult coefficient to
measure, as it is extremely difficult to apply a normal force to the film, yet not to constrain
the lateral movement of the film hence inducing other stresses within the film. The output
can thus have contributions from both the applied normal stress and the induced friction
stresses. In order to avoid difficulties associated with the direct measurement of dss,
most researchers have used two indirect ways to calculate this value [108]-[111]. In one
method ds3 is determined using converse piezoelectric effect. In this method one measures
the change in thickness of a small sample that results from the application of a known
electric field. The problem with this approach is the mounting of the sample in a way
that does not restrict its lateral motion [111]. This restriction could affect the accuracy
of measurement. In the second method, d33 is measured indirectly by measuring the
hydrostatic piezoelectric coefficient, ds. Using this value and knowing the values of ds;
and ds; the value of d33 can be calculated. For a hydrostatic pressure P, the amount of
charge is related to all three coeflicients by [111j: AQ/A = —(ds1 + dsz + ds3) P, in which
—(ds1 + dsa + d33) = dan.

The present study, introduces a new approach for this problem. The effect of friction
on PVDF output can be characterized by finding the trend of variations for some known
friction coefficients, then it is possible to calculate dss for the case that friction approaches
zero. Therefore, a finite element contact analysis was performed in which piezoelectric
PVDF was considered as an orthotropic material and the coefficient of friction was varied
between zero to one and the output was recorded. The results are validated by performing
an experiment on a similar geometry using pre-characterized surfaces. It is found that the
inverse procedure can also be used in determining the friction coefficient of surfaces. The
later method offers many advantages over the traditional friction measurement methods,

such as in situ friction measurement, being non-invasive and low weight and cost.
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From Equation A-18 (Appendix A), the output charge along the thickness direction

per unit area, ()3, due to the stress in the film can be expressed as:
Q3 = d3101 + d3202 + d3303 (2.1)

When a PVDF film is compressed between two rigid flat surfaces, assuming, that there is
no friction between the surfaces and the PVDF films, the film is free to expand laterally,
i.e., in the directions of the 1 and 2 — azes. The output charge can thus be deduced from
Equation 2.1 as:

Q = dssF, (2.2)

where F, is the applied normal load. This assumption, however, is difficult to use in
practice. Friction force always exists and develops unwanted charge components. In
general, therefore, the total output charge is different from above @3 by the magnitude
of the friction induced component. Some authors have defined a new symbol, di; [114],
which relates the applied normal load to the output charge and is not necessarily equal to
the d33 except in the frictionless state. The contribution of the friction component to the
total output depends on several factors including the magnitude of the applied normal
load, the friction coefficient between contact surfaces and the contact area of the PVDF
film.

In order to obtain the output of the sandwiched PVDF film in the presence of friction,
a contact finite element model was developed in Ansys 10. To validate the theoretical
results of the FE analysis, similar experiments were also performed. In the following sec-

tions, the details of the modeling as well as the experimental work are explained.

2.4.1 The Finite Element Analysis of Sandwiched PVDF for

Different Surface Roughnesses

Since contact problems involving friction produce non-symmetric stiffness, it is preferred

to use a symmetrization algorithm which is less computationally expensive. Here the
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Figure 2.10: The geometry of the problem in which a PVDF film is sandwiched between two

solid plates and a load is applied in the normal direction.

algorithm developed by Laursen and Simo [115] is used [116]. There are a couple of
approaches used to solve the contact problems. The Pure Penalty method is the one that
was used to solve this problem. This method requires both contact normal and tangential
stiffness. Higher stiffness values decrease the amount of penetration but can lead to ill-
conditioning of the global stiffness matrix and to convergence difficulties. The stiffness
should be high enough so that contact penetration is acceptably small, but low enough

so that the problem will be well-behaved in terms of convergence. The contact traction

vector is:
P
Tz
Ty
where:

P : normal contact pressure
T, : tangential contact stress in x direction

T, : tangential contact stress in y direction

The contact pressure is:

0 ifu, >0
P=

Ko, ifu,<0
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where K, and wu, are contact normal stiffness and contact gap size, respectively. The

frictional stress is obtained by Coulomb’s law:

Kau, ifr= 1/7'3—5—7‘5—,uP<0
uKuu, ifr= ,/TE—#Ty?—pP:O

K, : tangential contact stiffness

Te =

u,  contact slip distance in x direction

i frictional coefficient

It can be seen that the isotropic Coulomb friction model is used for this analysis. In this
model, two contacting surfaces can carry shear stresses up to a certain magnitude across
their interface before they start sliding relative to each other. This state is known as
sticking. The developed shear stress 7 is the function of friction coefficient u and contact
normal pressure P, so that 7 = pP. In addition, there could be an initial cohesion sliding
resistance b, which is referred to as COHE in Ansys, that can be added to the equivalent
shear stress. Therefore, the Coulomb friction model can be defined as: 7 = uP +b. The
contact cohesion provides sliding resistance even with zero normal pressure. On the other
hand, normally there is a maximum contact friction stress 7y, in which regardless of the
magnitude of normal contact pressure, sliding will occur if the friction stress reaches this
value.

The geometry of the modeled problem can be seen in Figure 2.10. The computational
time for this model can be reduced by taking ad\}antage of the symmetry of the problem
and only modeling half of the geometry. For the structural part, i.e. the top and bottom
plates, the PLANE42 element, was used. This element is defined by four nodes having
two degrees of freedom U, and U, at each node. In order to model the piezoelectric
PVDF film, the PLANE223, which is a 8node coupled-field solid element was used.
For the piezoelectric analyses, this element has three degrees of freedom at each node
including U,, U, and Volt. The contacts between the PVDF film and the top and bottom
surfaces were modeled using TARGE169 which is used to represent various target surfaces

associated with the contact elements, CONTA171. The latter element is a 2-D, 2-node
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surface-to-surface contact element that represents the deformable surface of a contact pair
and is applicable to 2-D structural and coupled field contact analysis. This element is
associated with the 2-D target segment element(TARGE169) defined with a set of shared
Real Constants. Using the Real Constants, various controlling parameters such as COHE
(b), the cohesion sliding resistance, TAUMAX (7y;,), the maximum contact friction can
be set. The coeflicient of friction between the contact surfaces can be introduced as the

material property of the contact element, CONTA171,

Uniaxial PVDF Film

The uniaxial PVDF film exhibits orthotropic properties which originate from the me-
chanical processing it undergoes. This orientation dependency exists in both mechanical
and electrical domains. In other words, not only are the piezoelectric coefficients in the
directions 1 and 2 different, but the Young’s modulus of the uniaxial PVDF film in the
directions 1 and 2 ( E} and Ej, respectively) also differ.

The PVDF film was considered to be a square of 30 mm by 30 mm. In this simula-
tion, the PVDF bottom surface was grounded and the total area of the top surface was
electrically coupled together to create an equipotential electrode area. In this case the
whole PVDF film acted as one sensing element. Then a distributed load of 100 kPa was
applied through the top plate. The coefficient of friction between the contact surfaces,
i.e., the top and bottom surfaces of the PVDF film on the one hand and the inner surfaces
of the top and bottom plates on the other hand, was incrementally increased. The results
of this simulation are shown in Figure 2.11. For a better understanding, the negative
output voltage is inverted and is shown in the positive Y-axis. Although the magnitude
of the u can theoretically reach very large values, a practical range of p < 1 is selected for
the simulations. It is seen that the maximum output voltage is obtained at frictionless
state of 4 = 0. The output voltage decreases nonlinearly with the increase of the friction
coefficient. When the coefficient of friction is equal to 0.4, the maximum voltage drops

by more than 70% . This remarkable attenuation is associated with the friction induced
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Figure 2.11: The total output voltage of a uniaxial PVDF film compressed between two blocks

in the presence of the friction.

voltage component. In other words, for the frictionless state the PVDF film can freely
expand so that the only non-zero stress component would be o3 and the other principal
stresses would be zero (07 = o9 = 0). However, when p # 0, friction force reduces the
lateral expansion of the PVDF film and as a result stress in (1 — azis) and (2 — axis)
directions will be developed. The reason that the inclusion of the z and y components
causes the reduction in the total output voltage is due to the fact that d3; and dsp > 0
while d33 < 0. The results of the simulation for 4 > 1 shows that the variation in the
output voltage is negligible. It is important to note that the maximum gain can be ob-
tained at low friction for the uniaxial PVDF film in the sandwich configuration. Figure
2.11 also reveals the dependency of maximum output voltage on the friction coefficient
particularly for ¢ < 0.1. This explains why the accurate measurement of the ds3 using
the direct method is so difficult. This behavior, on the other hand could be beneficial for
the accurate measurement of low friction forces and coefficients.

For the frictionless state u = 0, the results illustrated in Figure 2.11, can be compared

with the classical theories. Since the metalized piezoelectric PVDF film can be modeled
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as a capacitor, the relationship between the generated charge () and the potential across
its electrodes V can be written as: ) = C'V in which C is the capacitance of the PVDF
specimen. On the other hand, the capacitance of the PVDF film with the area of A and
thickness of ¢ can be calculated from the known relationship : C = g¢¢, A/t in which
g9 = 8.854 x 1072 F/m is the permittivity of free space and ¢,, the relative permittivity
of PVDF, is 12. Substitution of the above relations into equation 2.2 reads:

d33t
€&y

Vv

P (2.3)

in which P = F, /A is the applied pressure on the PVDF film. The numerical value of
voltage in Equation 2.3 for the data given for the present case is 1.864, which agrees with
result in Figure 2.11 obtained for 4 = 0.

In order to elaborate the results obtained in the previous analysis, a second simulation
was performed in which the top surface of PVDF film was covered with ten electrodes
of equal width that were evenly positioned on the surface. The bottom surface of the
PVDF film is considered as the common ground for all the electrodes. The results of
this model under a constant load are depicted in the Figure 2.12. This figure shows the
relationship between the output voltage of each segment and different friction coefficients.
It must be emphasized that each point in this figure represents a constant voltage over the
area of a sensing element. To clarify this point, Figure 2.13 shows the details of voltage
distribution of each sensing elements (for u = 1) as well as the variations of these voltages
from one to the other. From this figure it is clear that the output voltage of each sensing
element is a constant value over its area. The horizontal axis shows the normalized length
of the PVDF film. Since half of the PVDF is. modeled, zero is related to the center of
the film and one is related to the half length of PVDF which here is 15 mm. For the
frictionless case, i.e, u = 0, the voltage of all PVDF sensing elements are equal and at their
maximum value. However, with an increase of the friction coefficient, the voltage output
of each sensing elements begins to reduce. For a given friction coeflicient, u, the voltage
attenuation of those elements that are closer to the edges is lower. This is because, the

outer sensing elements carry less frictional load than those of the middle sensing elements.
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Figure 2.12: The output voltages of ten equal PVDF sensing elements are evenly positioned
along its 1-axis. While the applied load is kept constant, the friction coefficient is varied between

zero to one. The horizontal axis of the graph is normalized by half the length of the PVDF film.

Therefore, the frictional voltage component of the outer sensing elements is lower, and
hence the total output is higher. The trend observed in Figure 2.12 is exactly the same
as trend of variation of o, along the length of the PVDF film at the contact surface. It
is now clear that Figure 2.11 represents the average voltage of a charge distribution over
the whole PVDF film. On the other hand, the data shown in Figure 2.12, which is the
result of segmentation of PVDF into ten separate sensing elements, are especially helpful
to elaborate the study of the distribution of the frictional forces over the contact area.
Having observed the nonlinear behavior of output voltage of the PVDF against the
friction coefficient, the relationship between the amplitude of the applied normal forces

and the total output should also be examined. In this simulation, similar to the first
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Figure 2.13: The distribution of output voltage over the uniaxial PVDF film segments com-
pressed between two plates in the presence of a friction of 4 = 1. The horizontal axis of the

graph is normalized by half the length of the PVDF film.

test, the electrical boundary conditions are defined in such a way that the whole PVDF
film form only one sensing element. Therefore, for each given load, there exists only one
voltage output. The applied load is ranged from 1 kPa to 200 kPa and the results for
three typical friction coeflicients, p : 0, 0.3, 1, are plotted. As demonstrated in Figure
2.14, for a constant friction coefficient, there is a linear relationship between the normal
applied load and the sensor voltage output. This justifies why the industrial sensors
are performing well and linear, even though the frictional forces have not been taken
into consideration. These results also show-that the output of identical sensors are the
same if the friction coefficient of the sensor surfaces are exactly the same. This could
be one of the main reasons for discrepancy in output voltage of sensors that are similar
in structure but different in contact friction which is quite probable in manufacturing
phase. This figure also shows that if, for any reason, the uniformity of manufactured

sensors cannot be attained, it is better to work in the high friction region. In this way,
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the dependency of the sensors with respect to the surface friction will be reduced to a
minimum. However, if the contact surface is too rough, then the projections of the surface

might cause unexpected results and might even damage the PVDF film.
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Figure 2.14: The response of the PVDF film against applied pressure for different friction

coefficients.

Biaxial PVDF Film

As mentioned earlier, there are some differences between the biaxial and uniaxial piezo-
electric PVDF films. For instance, biaxial film exhibits isotropic properties in terms of
both mechanical(E; = E;) and electrical(ds; = dsz) performance. Another important fac-
tor is the opposite polarity of dss in uniaxial and biaxial PVDF films. The manufacturer
[112], reports the values of ds3 for the uniaxial and biaxial PVDF films as —20 pC/N,
+15 pC/N, respectively.

Since in the biaxial PVDF film all the piezoelectric coeflicients have the same polarity,
compared with the results of the previous simulations, it is expected that the friction
induced components increase the total output. Figure 2.15 demonstrates the relationship
between the output voltage of the biaxial piezoelectric PVDF film and the friction coef-

ficient for a constant normal load. It is seen that this behavior is different from that of
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uniaxial film. For the biaxial film the friction induced components increase the total out-
put voltage. These results could provide some guidance for the proper selection of PVDF
film type (between uniaxial and biaxial) for a particular application. The extreme sensi-

tivity of the output voltage in the low friction coefficient range is again evident. Similar
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Figure 2.15: The total output voltage of a biaxial PVDF film compressed between two plates

in the presence of the friction.

to the analysis of the uniaxial film, the whole length of the PVDF film is discretized into
ten side-by-side electrodes which make ten independent sensors. As shown in Figure 2.16,
voltage of each segment depends on the location of the sensing element as well as the
friction coefficient. In this simulation, the PVDF bottom surface was taken as common
ground of all the sensing elements. In accordance with the classical theories and also
with the results obtained for the uniaxial PVDF film, the performance of all ten sensing
elements is similar for y = 0. However, in the presence of friction, the outputs of sensing
elements are different and depend on the friction coefficient as well as the location of the

elements.
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Figure 2.16: The output voltages of ten equal biaxial PVDF sensing elements evenly positioned
along the x-axis. While the applied load is kept constant, the friction coefficient is varied between
zero and one. The horizontal axis is normalized by half the length of PVDF film, and hence

zero represents the center of the film and 1 denotes the PVDF edge at x=15 mm.
2.5 Experiments

In order to validate the results from the simulations of the influence of surface friction
on the output of the PVDF compressed between two plates, a set of experiments were
performed. Prior to conducting the main experiment, the friction coefficient of sample
surfaces had to be estimated. Once the friction coefficient of the surfaces on both sides
of PVDF film are experimentally determined, the characterized surfaces were used in

another experimental set up to record the output voltage of the PVDF film.

2.5.1 Surface Friction Measurement

In order to measure the static friction coefficient of test surfaces, as shown in Figure

2.17, a conventional experimental setup was designed and implemented. Extreme care
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was taken to reduce the unwanted friction forces. The minimum force increment steps

were 0.0LN and the force applied to the surfaces was in the range of 2 to 10/N. Some of

o
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Figure 2.17: The experimental setup used to measure friction coefficients. PVDF films were
adhered to both sides of mid-plate. The friction surfaces were attached to the internal surfaces

of top and bottom plates.

the selected surfaces were made of standard abrasive papers. In addition, other available
surfaces such as stationary paper or Plexiglass were also tested. To achieve low friction
surfaces, lubricants were used. However, because of different problems, the application of
oils did not yield satisfactory results. The first difficulty was the stiction of the smooth
surfaces in the presence of the oil. The second difficulty was maintaining the uniformity
of the lubrication conditions such as the thickness of the oil film in presence of different
applied loads. To eliminate the mentioned difficulties, a couple of readily available dry
lubricants were tested. Normally these materials can be sprayed on to the target surfaces.
Alternatively, low friction materials such as Teflon tape which can be cut and pasted
on the surface, can be used. For the present study a 555 Silicon Dry Film Lubricant
and a molykote 321 Dry Film Lubricant from Dow Corning were used. In addition, a
PTFE adhesive tape from Nitto Denko was tested. The data recorded for silicon dry
film was not repeatable, as silicon film peeled off easily during the experiments. The
selected abrasive papers include from very soft (grade 2000) to very rough (grade 240)
grades. Since one of the surfaces in the tests was PVDF, one surface was tested against

the PVDF film. However, the tested PVDF film was metalized with aluminum, hence the
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aluminum coating was the real contact surface in the tests. Table 2.2 shows the tested

materials and their corresponding, static coefficient friction established through testing.

Table 2.2: List of abrasive materials and their corresponding friction coefficients.

Surface | Black Dry | PTFE | Stationary| Abrasive| Abrasive| Abrasive| Abrasive
Film Tape Paper 2000 1200 800 240

7 0.11 0.19 0.29 0.35 0.40 0.44 0.55

2.5.2 The Experiments Performed on the Sandwiched PVDF
for Different Surface Roughnesses

An experimental setup as illustrated in Figure 2.18 was used to apply the known load to

the PVDF pressed between two friction surfaces. A square shaped 110um-thick PVDF

‘”'
Su

Figure 2.18: In this part of the experimental setup the PVDF film is sandwiched between two

plates. The internal surfaces of the plates are covered with the pre-characterized surfaces.

film is placed between two Plexiglas thick plates and the mentioned pre-characterized
surfaces were applied one by one between the plates and the top and bottom surfaces of

the PVDF film as shown in Figure 2.19. A 20 Newtons load at the frequency of 20 Hz was
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Figure 2.19: The configuration used for the experiment to measure the PVDF response to the

friction material.

applied to the top plexiglas. Considering the area of 30mm x 30mm of the PVDF film, the
maximum pressure exerted to the film was about 22 kPa. A picture of experimental setup

is shown in Figure 2.20. To apply a repetitive load, a signal generator with sinusoidal

Figure 2.20: A view of experimental setup used to measure the PVDF response to the friction

materials.

output was used. Before connecting this signal to the shaker, the signals were amplified
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using a power amplifier (V203, PA25E-CE, Ling Dynamic Systems). To characterize the
output voltage of the PVDF film sandwiched between two surfaces, a calibrated load
sensor (Kistler 9712B50) was used to record the amplitude of the applied load. To record
and analyze the output of the PVDF film when the friction coefficient of the surfaces were
changed, a data acquisition system (National Instrument, NI PCI-6225) running Labview
software (Version 7.1) was used. To connect the piezoelectric charge output to the DAQ),
a charge amplifier, in which an operational amplifier converts the charge into the voltage,
was used. In contrast to the voltage-mode amplifiers in which the output voltage depends
on the input impedance, the output voltage in charge-mode amplifiers depends on the
feedback capacitor, C; and the charge developed on the piezoelectric film, Q. Therefore,
the output voltage of the charge amplifier is independent of the cable capacitance. This
is one of the main advantages of using charge amplifiers in piezoelectric applications. The
voltage gain can be determined by the ratio @/Cy. Using a Labview built-in Butterworth
low pass filter, the 60 Hz line noise was filtered out. The peak-to-peak of the output
and the corresponding input was recorded. The data was then saved in a file and plotted
against the theoretical results as shown in Figure 2.21. The theoretical curve in Figure
2.21 is the result of a finite element model for the uniaxial PVDF film executed for an
applied load of 22 kPa.

As shown in this figure, the experimental data also reveals a decaying trend when
the friction coefficient is increased. However, for friction coefficients greater than 0.5
the projections of the abrasive papers would have caused permanent and local scratches

leading to an increase in output. Therefore, for u > 0.6, no consistent data was obtained.

2.6 Discussion and Conclusions

This chapter addresses the fundamental theoretical and experimental knowledge necessi-

tated for the development of the proposed tactile sensor. Characterization of mechanical
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Figure 2.21: Comparison between theoretical data and experimental results. For both cases a

20 N force is applied (errorbar indicates the range of readings).

and electromechanical properties of piezoelectric PVDF, considering anisotropic behavior
of PVDF has been the main focus of this study. The result of this study has provided
not only a sound ground for development of the proposed sensor, but also a contribution
in exploring piezoelectricity of PVDF in different configurations that could be used in
variety of applications.

In theoretical approach, the effect of deviation angle, angle between material coordi-
nate system and global coordinate system, which appears due to anisotropic behavior of
PVDF film is analyzed using finite element method. In addition, the difference between
uniaxial and biaxial PVDF film is also elaborated. Then the performance of PVDF film
in thickness mode in which normally film is sandwiched between two plates, is considered.
The main concern in this case was the effect of friction on the output of the PVDF. Using
Ansys, a finite element contact analysis associated with the modeling of the PVDF piezo-
electric is developed and the results for both uniaxial and biaxial PVDF for a range of
friction coefficients are obtained. It is shown that the PVDF response is highly influenced

by the contact friction. Hence, one of the key reasons for observing dissimilar outputs
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from structurally similar manufacture sensor could be attributed to the difference in con-
tact friction. Therefore, an extreme care should be paid to the uniformity of the contact
surfaces during the manufacturing process. Simulations show that firm gluing of PVDF
film to a surface is equivalent to have infinite friction between PVDF and the surface.
On the other hand, as a by product, the results of this study open a new window for
measuring the roughness of the surfaces. The outcome of this study suggests that it is
possible to measure the coefficient of friction of the contact surfaces using the proposed
method. This technique is particularly appropriate for low friction range where accurate
measurement is difficult and other available friction measurement methods are inadequate.
In experimental approach, the Young’s modulus of PVDF film in 1 and 2-directions
have been obtained. To investigate the dependency of PVDF output to friction a number
of surfaces has been tested in order to determine their coefficients of friction. Then these
characterized surfaces are used in another‘experimental setup in which PVDF film is

sandwiched between the characterized surfaces.
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Chapter 3

Multifunctional Tactile Sensor:
Design, Analysis, Fabrication and

Testing

3.1 Specifications of Tactile Sensors for use in MIS

If human tactile perception is considered to be a standard for artificial tactile sensing
[21], an ideal tactile sensor must mimic all capabilities of human hand. Human tac-
tile system is capable of responding to the applied force, position and size of stimuli,
softness/hardness of object as well as roughness and texture of the contact object. In
addition, human skin is capable of sensing temperature, vibration and humidity. At this
time, design and development of a sensor replicating all of these capabilities is a very
difficult task. Many researchers have developed tactile senors that are able to detect one
of the mentioned quantities. Development of multifunctional tactile sensors would enable
the detection and measurement of some of important quantities required for specific tasks,
such as, endoscopic surgery. Future surgical tools are anticipated to have sensors capable
of distinguishing different kinds of tissues using tactile properties such as elasticity and

be able to locate tumors, or abnormal stiffness of organs [23].
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Surgeons must also be informed of any slippage when they are grasping tissues by
MIS tools. Detecting the presence of blood vessels is also of prime importance to avoid
bleeding from undesired cutting through an artery [117]. They must also know how much
of the grasper is in contact with the tissues. The latter information is required for a
safe grasping. Since the sensor must work in human body environment some restriction
must also be complied. For instance the sensor must use the least possible wiring and
the minimum current passing through the body. Many of the possible softness sensing
methods, therefore are questionable when considered to be applied to the body. The
sensitivity of the sensor must also be appropriate for low forces. And obviously, complexity
of the sensor can be considered as a disadvantage. Miniaturization of such a sensor is
another challenge for a candidate suitable for MIS.

The structure of the sensor is also important. Since the sensor must be accommo-
dated into a grasper, the structure of the sensor must be compatible with the structure
of the grasper. This multidisciplinary problem necessitates considering many of above-
mentioned aspects in design, analyze, manufacturing and testing of the device. However
considering all different aspects of this problem is not practical.

Softness and position sensing have been chosen among many abilities of the human tac-
tile sensing. Grasping tools of MIS (for example rather than cutting tools) are considered
in this study because of their frequent usage and complicated requirements.

In this chapter, design, analysis, fabrication and testing of a multifunctional tactile
sensor for use in the MIS tools, are reported. Consistent with the existing MIS graspers, a
tooth-like shape is considered for the sensor to ensure the ability of firm grasping. Due to
the corrugated shape of the sensor system, it can be easily integrated within the traditional
MIS graspers [78]. The design of the sensor is also adaptable to MEMS technology and
able to be microfabricated. The materials proposed for the sensor system including silicon
and PVDF film are biocompatible [79, 118]. It is worth to note that although this sensor
is primarily designed for MIS applications, the concept employed for the softness sensing

could be used in other areas, particularly in robotic applications.
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It is shown that proposed sensor is able to measure the magnitude of the applied load
and differentiate the softness of touched objects. The location of the applied load can
also be found from the sensor output. Moreover, an array of the sensor could report the
location of the concentrated load in a 2-D space. The status of grasping, i.e. position of
the grasped tissue/object, and also any slippage during the operation could potentially be
detected by the sensor array. As mentioned earlier, the piezoelectric PVDF film is chosen
as transduction element in this design due to its unique features ,such as, linearity, high
sensitivity, mechanical flexibility, and MEMS compatibility [72, 89, 119, 120, 121]. For

detailed description of piezoelectric PVDF films see Chapter 2.

3.2 Design and Structure of the Sensor

Prior to describing the structure of the proposed sensor, introduction of host device, which
is a complete grasper, is helpful. Figure 3.1 shows the proposed grasper in which one of
the jaws (for example, the lower jaw) is equippéd with an array of the sensor unit. The
number of teeth may vary in different graspers and/or applications. This modular design
assures that the performance of all sensor units are similar. Therefore, the operation of
this array can substantially be studied by considering a sensor unit and thereafter in this
paper, one tooth of the grasper is analyzed. Cross section of the sensor unit subjected to
time dependent force F(t) is shown in Figure 3.2. In Figures 3.1 and 3.2, the X and Y

directions are selected similar to the traditional notation in the classical mechanics.

Figure 3.1: The scheme of a MIS grasper equipped with an array of the proposed sensor.
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Figure 3.2: Cross section of a sensor unit (one tooth).

In order to find the softness of object, both the amplitude of the applied load and the
resultant deflection are simultaneously required. Sensing mechanism utilizes PVDF films
both in the thickness mode at end supports to measure the applied load, and in extensional
mode attached to the flexible beam to measure the bending stresses. Knowing the applied
load from the PVDF films at the supports and the amount of deflection or equivalently
the developed bending stresses from the middle PVDF film, softness characterization of
the objects is feasible. The concept of the sensor operation is depicted in Figure 3.3. As is
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(b) FT—

{ éew Smoft Objest__<
_[\N—.A-——/T—

(c) ~ 7

2

(a)

| PVDF filims
PVDF film that ‘ at supports 1&2
works in Extensional mode  work in Thickness mode

Figure 3.3: The basic scheme for the proposed softness sensing technique.
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seen in Figure 3.3-a, when a rigid object is used as target, no deformation will be resulted
in the beam. Although the PVDF films at the supports respond to the applied force, no
output from the middle PVDF film (extensional mode) is expected.

However, a soft object under the load F will bend the beam. As it can be seen from
Figures 3.3-b and 3.3-c, larger beam deflection is resulted for softer contact objects.
Therefore, the PVDF film, which is firmly adhered to the beam, elongates and develops
charge. The output charge is proportional to the bending stress, which itself is dependent
on the extent of bending. The maximum amount of the bending can be controlled in the
design stage by selecting the material of the flexible beam as well as its thickness and
length for a maximum given load. A beam with higher Young’s modulus or thickness
shows less deflection but can sustain higher applied load. Conversely, a soft beam deflects
easily and produces high output charge but may not be a good choice for high load
applications since it can not develop enough gripping load. Thus with such a design,
a delicate balance between the softness, load and the design output charge have to be
established. For a given sensor, the thickness and material property of the beam are
known, thus the deflection of the beam will only be a function of flexural rigidity of the

contact object.

3.3 Sensor Modeling

In order to investigate the performance of the system in differentiating the softness of the

contact objects, both the analytical approach and the finite element method are examined.

3.3.1 Analytical Model

The suspended part of the beam can be modeled using closed-form relationships. For the
modeling, combination of the object and beam is considered as an isotropic composite
beam. Cross section of the composite beam in bending can be transformed into a cross

section of one material. Consider the case that the beam is composed of two materials,
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namely the object with modulus £; and the beam with modulus E;, where Fy < E,. Let
the equivalent single-material cross section be entirely made of the material of modulus
E;. In order for the equivalent cross section to have the same bending rigidity as the
true composite, it is necessary that more F; material replace the E3 material. However,
since the strains of the equivalent cross section are to be identical to the composite, the
depth of the section relative to the bending axis cannot be altered, as strains depend on
the position relative to this axis. Hence, the width of the beam can be increased without
affecting the strains (see Figure 3.4). It can be seen that the relation between equivalent
width b, and the original width bis: b, = (E2 /E1)b , where b and b, are the width of the
beam before and after the transformation, respectively. The centroid of the transformed

cross-section, d, is obtained by

_ SSGA  behd + bh? + 2bhihy

= S = T o0k + by

(3.1)

The area moment of inertia of the transformed (total E;) cross-section, I, can be deter-

mined using parallel-axis theorem:
1
I, = Ti(bh’;‘ + beh3) + bhy(hg + b1 /2 — d)? + hobe(d — hy/2)? (3.2)

In the case of Fy < Ej, the relation will be: b, = (E,/E»)b, and the equivalent E, is equal
to Es (Young’s modulus of the beam). In the remainder of this section, the calculated
values for the equivalent beam are used in the formulations, nevertheless, for the simplicity
the indices are removed. It also should be noted thaf the following formulation is adopted
for thin beams in which the ratio of beam length (L) to the beam thickness (hy + h2) is
very large. Although there is no clear border between thin and thick beams, normally the
ratio of L/(hy + hg) > 10, is considered to be thin. The equation of motion for the free

transverse vibration of the (equivalent) beam can be written as:

Ay _ 1%y
ot a2 o2

in which a = \/EI/pA. In this equation EI, p, A are the flexural rigidity, density and

(3.3)

cross section of the beam, respectively. The deflection function can be considered as
y = X(Acoswt + Bsinwt) (3.4)
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Figure 3.4: The cross section of the beam and contacted object. The initial composite beam is

transformed to an equivalent beam with only one material.

Substitution of Equation 3.4 into Equation 3.3 results in

LX
%;4— - K*X'=0 (3.5)

where w?/a? = K*. The general solution of Equation 3.5 gives the typical normal functions

for the transverse vibration of the beam [122, 123], which is:
X, =C1SimK, X + CyCosK, X + C3SinhK, X + CsCoshK,X (3.6)

where K} = w?/a?, and X,, w, are the n'® normal-mode shape function of the beam
and the natural undamped frequency of the n* mode of the vibration, respectively. The
constants Cy,C5,C3 and C4 in Equation 3.6 must be determined from the boundary
conditions at the ends of the beam. Since at a fixed end, the deflection and slope are
equal to zero, boundary conditions are: (X),—0 = 0, (dX/dz)z—0 = 0, (X)z=r = 0,
(dX /da)s=s = 0. |

By applying the boundary conditions, the following frequency equation can be deduced
as cos(K, L) cosh(K,L) = 1, in which K, L, the roots of equation, can be calculated. Us-
ing orthogonality relationships for the eigenvalue problem of Equation 3.5, it is possible
to transform the equation of motion to the modal coordinates. Eventually, applying a

harmonic load leads to a similar eigenvalue problem from which the response for the dis-
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tributed load and point load can be computed. For a distributed load ¢(z,t) = Q(z,t)/m,

the displacement function will be (For more details see Appendix B)

o L ¢
W(z,t) = Z%—-/ / (z, 1) Sinwy, (t — {)didx (3.7)
n=1 0

in which £ is a dummy variable. The out-of-plane displacement W, is the distance that
the beam’s neutral plane moves from its resting(unloaded) position at time t. For a
concentrated load, Pi(t) = PsinQt acting at the distance z;, the displacement W is

calculated from:

W(z,t) —ii L(Si Qt———g—-S’mw )G, n=13,5 (3.8)
- L —~ wz n Yy Ay Yy e N

n
where 8, = (1 — %)71, w2 = a?K}, and ma?® = EI.
The result when the frequency of excitation approaches to zero can also be compared

with the static deflection. Having computed W, the displacement in x-direction across a

Deformed -
State ™

Undeformed .l o]
State .-

Figure 3.5: The kinematics of deformed beam (Kirchhoff Theory).

beam cross section, u, can be calculated. From the kinematics of beam shown in Figure
3.5, for small deformation, u = ay in which y is the distance of each point from neutral
axis and « is the rotation of beam’s cross section. Assuming that after bending, plane

sections remain plane, normals to the cross sections remain normal and normal remains
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unstretched, a = —6 = _%v%/_ in which € is the rotation of the beam’s neutral plane. Now

A . . . 2
the strain in x-direction is: ¢, = ‘—;—’-;— = —~y'jl—‘;‘ = ~y%5v§—/ and stress can be calculated from

o, = Fe, = —Ey‘f:Tvg.
The steady state response of this system to the harmonic input would be sinusoidal and
the amplification factor is determined by 3,. As shown in Figure 3.6, the output response,

charge @ is sinusoidal with a peak-to-peak amplitude proportional to the amplitude of

the harmonic input force. Therefore, for each specific object the output of the sensor
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Figure 3.6: Predicted variations of output charge for a given sinusoidal input force.

would be a sinusoidal waveform with an amplitude, which is proportional to the softness
of the contact object. The frequency of excitation is selected well above the cut off fre-
quency of the system comprised of piezoelectric patch, electrical circuit and measurement
equipments. It is possible to calculate the output voltage instead of output charge using
the relation Q = CV, in which @ is the charge, V is the voltage and C' is the capaci-
tance of the film. The capacitance of the film can be calculated from C = EOET% , where
g0 = 8.85 x 10712F/m, is the permittivity of vacuum, ¢, is the relative permittivity of

the PVDF film which is 12, A is the electrode area of the piezoelectric film and d is the
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thickness of the film.

Although the analytical solution presented above is useful in studying the relationship
between influential parameters, it has two major shortcomings. First, the derived formula
is based on Euler beam theory, so that it cannot be used for thick beams. Second,
no information about the stress state at the supports can be obtained based on this
formulation. Therefore, to overcome these problems, a finite element analysis has been

performed and is elaborated in the following section.

3.3.2 Finite Element Model

A coupled-field finite (FE) element analysis was used to obtain the response of the system
including output charge at the supports. Using this method, the limitation on the thick-
ness of the grasped objects imposed on the previous analytical approach is also removed,
hence thicker objects can be studied as well. To perform the FE analysis, Ansys (Version
10.1.3) was used. The equations that were solved, are the linearized constitutive equations

for a piezoelectric crystal when temperature difference and electrical field are negligible:

{o}ex1 = [Clexe{€}ox1 (3.9)
{D}ox1 = [elgue{etoxt (3.10)

where o, €, C' and D are stress vector, strain vector, elasticity matrix and electric flux
density vector, respectively. The piezoelectric matrix can be defined in [e] form, the
piezoelectric stress matrix, or in the [d] form, the piezoelectric strain matrix (as it relates
mechanical strain to the electric field), where the relationship between [e] and [d] can
be found as: [e] = [C] [d] and units normally are: [e] : pC/m?, [C] : N/m? and [d] :
pC/N. The geometry which is shown in Figure 3.2 was modeled. The piezoelectric
PVDF was meshed using PLANE223, a 2-D 8-Node coupled-field solid element, suitable
for piezoelectric modeling. In the piezoelectric mode, this element has three degrees of
freedom at each node which are Uy, Uy and Volt. In addition, the structural parts

were meshed by PLANEI183, a 2-D 8-Node structural solid element with only mechanical
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degrees of freedom. Similar to the analytical method, both the PVDF film and the soft
object are considered to be isotropic. The geometry and material properties used in the
simulations are selected in such a way that they match the fabricated prototype. The free
length of the beam and the length of the supports considered to be 22 mm and 4 mm,
respectively. A 28 ym uniaxial PVDF film is modeled with d3; = 20 pC /N, dss = 2 pC/N,
and d33 = —20 pC'/N. The Young’s modulus and Poison ratio of the PVDF film are 10°Pa
and 0.37 , respectively. The flexible beam is made of a 0.8 mm thick Polystyrene sheet.
The extensional PVDF patch assumed to be firmly attached to the beam. The other
two patches of the PVDF films are sandwiched between the beam and the base. Even
though only mechanical constraints are involved in finite element modeling of mechanical
structures, electrical constraints are also very important in simulation of piezoelectric
materials. The PVDF films that were used in the experiments were metalized at the
both sides. This metal layer which also serves as electrode, creates an equipotential
surface. Normally, one of these surfaces is connected to the ground and the voltage of
the other surface is measured respect to the ground. Therefore, in all three piezoelectric
sensing elements, the nodes at the bottom surface were electrically coupled together and
considered as ground. In addition, the electrical degree of freedom of the nodes at the
top surface were also considered to be electrically connected. In this way, potential were
obtained for each PVDF film similar to the experimental setup. The response of the
system to both distributed loads and concentrated loads are useful to be studied, as the
distributed load naturally is applied when a sqft material is pressed between two jaws of
a grasper and the point load may be encountered when a lump is embedded in a bulky

soft tissue.

3.3.3 Distributed Loads

For a given distributed load a symmetry is perceived. Therefore an equal output from
both supports is expected to be proportional to the magnitude of the distributed load.

The FE analysis has confirmed that the output of the middle PVDF film is proportional
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to the beam deflection amplitude. The linear relationship between the magnitude of
the uniformly distributed load and the voltage of the middle PVDF is demonstrated in

Figure 3.7.
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Figure 3.7: The linear relation between the uniform distributed load and the output voltage of

the middle PVDF film.

The results also show that the output charge of the supports are equal and linear with

respect to the magnitude of the applied load.

3.3.4 Concentrated Loads

As mentioned earlier, finding the location of a concentrated load potentially gives the
sensor the ability of detecting lumps within the bulky soft tissue. Hence, the purpose of
this test was to characterize the sensor output when a point load is applied at different
locations of the beam. It is known that the maximum sensitivity for a given state of stress
in a uniaxial PVDF film can be attained in the 1-axis direction associated with d3;, which
is also called drawn direction (for more information regarding piezoelectric PVDF film see
[119]). Initial simulations showed that the place and orientation of the PVDF films are

very important. Hence a set of simulations was performed to achieve the optimum length,
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place and orientation of the PVDF films. Of these simulations, two were performed to
investigate the effect of orientation of the middle PVDF film (extensional mode). In the
first simulation the orientation of the PVDF film is selected in such a way that the drawn
direction, l-axis is normal to the beam axis. While in the second one, the orientation
is rotated by 90 degrees, hence the drawn direction is aligned with the X-axis. A point
load with the intervals of 1.5 mm along the beam length, is applied to the beam and
the output voltage of the three PVDF films are shown in Figures 3.8 and 3.9. When the
PVDF drawn direction is aligned with the beam orientation, the output amplitude of the
middle PVDF is about 0.5 volt (Figure 3.9), which for the same load is ten times more
than the case in which the middle PVDF drawn direction is normal to the beam direction

(Figure 3.8).
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Figure 3.8: The outputs of the middle PVDF (Vas44), supportl (Vsyp1) and support2 (Vsyga)
when point load is applied at different locations along the beam (The PVDF drawn direction
at the supports, is aligned with the X-axis direction, while the drawn direction of the middle

PVDF is rotated by 90 degrees so that it is perpendicular to the X-axis).

However the PVDF films at the supports showed a more complex behavior due to the
existence of a compound state of the stress. The supports experience a combination of
normal force along with component of stress in the X-direction. In addition, it is found

that in the vicinity of the edges the complex state of stress might be encountered. In this
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Figure 3.9: The outputs of the middle PVDF (Vjy;q), supportl (Vsyup1) and support2 (Vypz)
when point load is applied at different locations along the beam (The PVDF at the supports
are rotated by 90 degree so that they are perpendicular to the X-axis direction, while the drawn

direction of the film in the middle is aligned with the X-axis).

condition, even though the PVDF films at the central part of the supports experience uni-
form compressive stress, it is important to consider that close to the edges of the supports,
non-uniformity in stress may occur. Due to this edge effect, undesired compressive stress
and tensile stress occur at the inner and outer edges of the supports, respectively. This
stress concentration affects the PVDF films output voltage and should be eliminated.
Figure 3.8 illustrates the output voltage of both supports when the PVDF drawn
direction is aligned with the beam length, X-direction. The output of the PVDF film at
each support is the combination of o1ds; + 03dss, (03 = 0). Since d3; > 0 and dg3 < 0, it
is possible that the algebraic sum of the output charge tends toward zero. This situation
can be seen in Figure 3.8. In these points despite applying a load on the beam, the output
of the PVDF films, positioned on the supports, is zero. This can be considered as a sort of
uncertainty of the system, hence the location of the applied point load would be difficult
to determine. To resolve this problem, the PVDF films at the supports are rotated in
order to align the drawn direction perpendicular to the X-axis. Since d3; =~ d31/10, the

contribution of undesired mode, i.e. d3 is reduced to one tenth of the original state so
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that, the dominant output charge is now associated with the thickness mode.

In addition, to avoid the edge effect, the metalized part of the PVDF film is reduced
to the span of 0.2 to 0.8 of the support length. The result of theses changes is shown
in Figure 3.9. The output voltage at each support starts from a maximum negative
value when the point load is applied exactly on that support and then the magnitude
approaches to zero when the load moves toward the other support. Due to symmetric
geometry, the responses of the supports also show similar but opposite trends. Using the
output responses of both supports in the Figure 3.9, it is possible to find the position of
the applied point load. In addition, the magnitude of the applied load can be measured
from either supports. The determination of the magnitude and the position of a point
load results in finding the location of any hard objects such as embedded small size bone
or lump within a bulky soft tissue.

Therefore, in this study the arrangement used in Figure 3.9, is adopted. Note that in
this figure the drawn direction of the middle PVDF film, 1-axis is aligned with x-direction,
while the drawn direction of the PVDF films at the supports are rotated by 90 degrees. In
order to obtain the relationship between the applied load and supports response, a set of
point loads ranged from 0.5 to 5 N is applied at the center of the sensor and the resulted
voltage from the supports is plotted in Figure 3.10. The linear relationship is observed.
It should be noted that the effect of a point load which is applied exactly at the mid point
of the beam is similar to the effect of a uniformly‘distributed load. Therefore, there could
be some exceptional load combinations for which the outputs of the sensing elements are
identical making the sensor unable to differentiate. Therefore, in order to differentiate
these load conditions, the tissue has to be grasped from at least two different orientations

or positions.

3.3.5 Softness Sensing

As previously mentioned, the primary feature of the proposed sensor is the ability to

measure the compliance of the contact objects. These objects are assumed to be grasped
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Figure 3.10: The total output of either supports when a point load ranged from 0.5 to 5 N is

applied to the middle of the sensor.

and compressed with the MIS tool, causing the flexible part of the sensor to bend. In
order to simulate a similar situation a distributed load is considered while soft objects
are assumed to be isotropic with different Young’s modulus. A wide range of soft objects
are simulated and the outputs of the supports and middle PVDF films are recorded. The
results are shown in Figures 3.11 and 3.12.

It can be seen in Figure 3.11 that the output of the PVDF films at the supports are
substantially a function of applied force. On the other hand, Figure 3.12 shows that the
output of the middle PVDF film is a function of both the applied force as well as the
Young’s modulus of the object. Therefore, knowing the applied force from the PVDF
films at the supports (Figure 3.11), it is possible to distinguish the objects based on their
compliance (Figure 3.12). The simulated tests covered a wide range of compliant objects
corresponding to very soft materials having Young’s modulus ranging from 10 kPa to 100
MPa. The sensor exhibits good sensitivity in this range. For instance, the output voltage
of the sensor for F=0.75 N in Figure 3.12, varies from 12 mV for E = 108Pa to 110 mV

for E = 10*Pa.
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Figure 3.11: The output of the PVDF films at the supports when distributed loads ranged from

0.75 to 4.5 N applied to the elastomeric objects with different Young’s modulus.
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Figure 3.12: The output of the middle PVDF film when distributed load ranged from 0.75 N

to 4.5 N is applied on to the soft objects.
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3.4 Sensor Fabrication

A sensor unit, having uniaxial 28-um PVDF film as sensing element and Polystyrene as
flexible beam was fabricated. The beam and support lengths were 22 mm and 4 mm,
respectively. In order to fabricate the sensor, the first three pieces of PVDF films were
cut to the 4 mm x 3 mm (two pieces) and 18 mm x 4 mm (one piece). Having used
the results of the finite element analysis, the middle PVDF film was cut along with the
1-axis, drawn direction, while the other two sensing elements were cut in 2-axis, transverse
direction. Using conductive epoxy glue, thin copper electrodes were adhered to the top
and bottom surfaces of the PVDF patches. The PVDF films, then were epoxy glued to
the flexible beam. A firm adhesion guaranties that the strains developed in the PVDF
film are equal to that of the beam. Finally the beam was placed on the solid platform.
Figure 3.13 [124, 125] shows a photograph of the sensor, its wiring, the point load probe

and the reference load sensor.

Reference
Sensor
Probe
Fl}gxible PVDF
cam Film
Support

Electrodes

Figure 3.13: A picture of the manufactured sensor, with a known load applied at the mid point

of the sensor.
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3.5 Experiments

In order to validate the simulation results, an experimental set up was developed to test
the fabricated sensor as well as its capability in discriminating objects based on their
softness. A signal generator was used to apply sinusoidal waveform, which was fed into
a set of a shaker and power amplifier (V203, PA25E-CE, Ling Dynamic Systems). To
characterize the output voltage of the manufactured sensor unit, a calibrated load sensor
(Kistler 9712B50) was used to record the amount of the applied load. To record the
output of the middle PVDF of the sensor a data acquisition system, DAQ (National
Instrument, NI PCI-6225) associated with Labview software (Version 7.1) was used. The
60 Hz line noise was filtered out using Labview built-in Butterworth low pass filter. The
block diagram with a simplified electrical circuits are shown in Figure 3.14, in which the
operational amplifier is used to convert the PVDF charge output into the voltage output.
Since three PVDF films were used in this research, three channels similar to what is
illustrated in Figure 3.14, were used.

In contrast to the voltage-mode amplifiers in which the output voltage depends on the
input impedance, in charge-mode amplifiers the output voltage depends on the feedback
capacitance, Cy and charge developed on the piezoelectric film, Q). Therefore, the output
voltage of the charge amplifier is independent of the cable capacitance which is one of the
main advantages of the charge amplifiers in piezoelectric applications. The voltage gain

can be determined by the ratio Q/Cy.

3.5.1 Force Position

In order to test the performance of the sensor in detecting the position of applied force, a
series of point loads was applied to the sensor (See Figure 3.13). With constant force, the
position of the point load was moved along the length of the flexible beam of the sensor
and data was recorded and plotted against the theoretical results as shown in Figure 3.15.
This figure compares the results of the three approaches. The finite element results are

taken from Figure 3.9. For the analytical part, the procedure presented in Section 3.3.1
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was used. However, this time the load was applied to ten equally spaced points along
the beam length and the peak values of the charge output were calculated. The charge
values were then converted to the voltage values and plotted on the same graph. The
experiments were also conducted with the conditions similar to those of the simulations.
For each recording, a sinusoidal load was applied and peak-to-peak of about 20 samples
were recorded in a file. For each loading condition, several reading was recorded. Then

the average, maximum and minimum of the data were determined and plotted.

3.5.2 Softness Sensing

To characterize the sensor response when different soft materials are touched, a series
of experiments using silicone rubbers (Test Kit) are conducted. The silicone rubber test
kit (from Instron [126]) contains seven pieces of color-coded silicon rubber with different
softness which is designed for calibration or verification purposes. The picture of type A
test block kit which complies with the standard ASTM D2240 is shown in Figure 3.16. The
softness of each piece in terms of Shore A and its corresponding color is shown in Table

3.1. To investigate the relationship between the elastic linear Young’s modulus of the

Table 3.1: The specification of Type A Test Block Kit.

Color | Softness in Shore A
White 324+2
Yellow 41.9+£2

Blue 52.0+2
Green 61.3+2

Red 71742
Brown 81.7+2
Black 88.8+2

pieces and their softness, a series of conventional compression tests were performed using
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Figure 3.14: Block diagram of the electrical components used for amplification, signal condi-

tioning and recording the PVDF film output.
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Figure 3.15: The output of middle PVDF film when a load was applied along the sensor at

equal intervals (errorbar indicates the range of readings).
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Figure 3.16: The picture of the Type A Test Block Kit used as standard soft material for
softness sensing characterization. Under each color the softness number in Shore A scale is

indicated.

Bose, 3200 Series. The stress-strain curve for four of these rubbers are shown in Figure
3.17. The nonlinear relationship between the Young’s modulus of the silicon rubbers and
their corresponding softness number is shown in Figure 3.18. For instance, for the two
hardest rubber (Brown and Black), 22% difference in Young’s modulus has produced a
8% difference in softness number. The characterized silicon samples were then used in
soft sensing tests with the multifunctional sensor. The output of the middle PVDF when
a load of 3 N was applied to a range of silicon rubbers from the softest to the hardest
(i.e., from white to black) is shown in Figure 3.19. The output voltage drops significantly
for the harder samples. It must be noted that the rate of this attenuation depends on the
ratio of rigidity of contact objects to the rigidity of the beam. Repeating these tests for
a wide range of standard soft materials and range of applied force, provides enough data
for a look up table which can be used in a calibration procedure. Therefore, for a given

force any output voltage can be attributed to a specific softness.
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Figure 3.17: The compressive stress-strain curve obtained for standard silicon rubbers.
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Figure 3.18: The relationship between the compressive Young’s modulus of the silicon rubbers

and their associated softness number in shore A scale (errorbar indicates the range of readings).
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Figure 3.19: The output of middle PVDF film, when a 3 N load was applied to silicon rubbers

with softness ranging from 32 to 89 shore A (errorbar indicates the range of readings).
3.6 Discussion and Conclusions

A PVDF based multi-functional tactile sensor for MIS applications is proposed. The
operating concept, which is based on the combined flexural rigidity of the flexible beam
and the soft object, is explained. One of the advantages of the sensor is that it can be
microfabricated and hence can potentially be mass produced at a significantly reduced
cost. It is also shown that the sensor is capable of measuring the magnitude and the
position of the applied load on the object as well as the compliance of the contact object.
The tooth-like structure of the sensor makes the sensor suitable for firm grasping of soft
objects. This tooth-like shape can easily be obtained by using, for instance, anisotropic
wet etching, which is a standard micromachining process. Another advantage of the sensor
design is that one dimensional array or two dimensional matrix of the proposed sensor
can easily be fabricated.

To evaluate these abilities, both analytical and numerical methods were used. In the
analytical method, a simplified model for the thin beams and objects was used. The
equivalent cross section of a composite beam was calculated and the responses of the

beam for a harmonic point load as well as the distributed load were computed. It is
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shown that for a given force, the peak amplitude of the PVDF output was proportional
to the Young’s modulus of the object. In addition, to model the PVDF films at the
supports, a coupled-field finite element analysis using Ansys was performed. It was found
that the best configuration for the PVDF films at the support was when the drawn
direction, l-axis was perpendicular to the beam orientation, X-axis. In this case the
thickness mode was the dominant mode and the output was proportional to the total
applied load. To validate the computed results, a sensor unit was prototyped and tested
for position sensitivity. The obtained experimental results were in a close agreement with
the theoretical data.

The Young’s modulus encountered in MIS, depending on the type of surgery, may
include a broad range of stiffness. The very soft tissues can have Young’s modulus of
several kPa. The rubber-like materials can have the Young’s modulus ranged between
several kPa to several MPa. The biopolymers show stiffer property up to several GPa. In
this study, for the softness sensing, a broad range of soft materials ranged from 10 kPa
to 100 M Pa was simulated. However, the Young’s modulus of the materials used in the
experiments were less than 5 Mpa.

However, for the best result, the proposed sensor has to be optimized for a specific
surgery with a given range of softness. A broader range of stiffness means less resolution.
Therefore, to achieve the maximum sensitivity and resolution, not only the range of
stiffness must be limited, but also the thickness, material and length of the flexible beam
must be appropriately optimized.

To assess the capability of sensor in differentiating objects based on their softness, a
couple of experiments were carried out. In addition to softness differentiation in a quali-
tative way, quantification of softness was presented using standard softness measurement

used in the industries.
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Chapter 4

Tissue-Grasper Interaction

4.1 Introduction

The interaction between grasper and tissue is important from several aspects. The infor-
mation of how a grasper affects the force distribution within the grasped tissue, directly
affects the grasper and tactile sensor design. In addition, for a given grasper, the exis-
tence of any anatomical features such as lumps or arteries affects the force distribution.
The study of this distribution helps the optimization of the grasper and its tactile sensors
to achieve, for instance, the desired spatial resolution. This study also responds to the
question of how a smart endoscopic grasper should be tested.

Magnitude, frequency and shape of real forces that act at the interface of grasper and
tissue is useful in testing the proposed multifunctional tactile sensor under a condition
which is similar to the working conditions.

The first section of this chapter focuses on characterization of force applied to the
object grasped by the endoscopic graspers. It is shown that the force profile applied
to grasped object not only is related to force applied by the hand, but also depends
on material properties of the grasped object. Experiments were conducted with several
kinds of materials with different mechanical properties and profile of force in each case
was recorded. The recorded force signature can be approximated by sinusoidal and pulse

waveforms for soft and hard tissues, respectively. Although this section addresses general
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characteristic of force experienced by tissue and grasper, it does not provide any informa-
tion about the local distribution of force along grasper jaws. In addition, the capability
of a smart endoscopic grasper in detecting hidden features such as lumps is of prime
importance and hence the study of local force distribution in the presence of a lump
is of particular interest. In characterizing lumps, a couple of parameters are involved.
Therefore, a parametric study of lumps embedded in tissue after considering hyperelastic
behavior of soft tissue is presented. The study of the effects of hidden lumps in soft
tissue is crucial for the development of any smart endoscopic grasper. The response of
any grasper equipped with tactile sensors depends on the real mechanical behavior of the

grasped tissue.

4.2 The Force Signature of MIS Graspers

To charactefize the load experienced by grasped soft object, two Force Sensitive Resistors,
(FSR) are used. The one which is shown in Figure 4.1, is placed between two pieces of test
materials. Once grasper is closed the resistance of the FSR is decreased and measured by
a Data Acquisition Card (DAQ). The second FSR is attached to the handle of endoscopic
grasper to measure the surgeon’s applied force. The outputs of both sensors are connected
to the DAQ through an electric circuit. A code is developed in LabView environment in

which the forces are calculated from the measured resistance.

4.2.1 Calibration

Before any attempt to use the sensors, they had to be calibrated. Basically, when load
is applied to the FSR sensor its resistance will change. Unfortunately, it was found
that the relationship between applied force and resistance of the sensors was not linear.
However, the relationship between the applied force and conductance of the sensor found
to be linear. To obtain the force-conductance relationship of the sensors an experimental

calibration procedure was conducted and the result is shown in Figure 4.2. For DAQ an
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Figure 4.1: The picture of endoscopic grasper, soft object and the sensor used for this experi-

ment.
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Figure 4.2: The experimental relationship between applied force and conductance of the sensor.
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input voltage was required. Therefore, by using another resistor a voltage divider was
made. In the later case, an applied load caused a change in the resistance of the sensor
and consequently a change in sensor’s voltage was observed. From this, force-voltage

relation of the FSRs as shown in Figure 4.3 was obtained.
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Figure 4.3: The relationship between applied force and sensor’s output voltage.

4.2.2 Force Signature

After the sensor was characterized several soft and hard materials were tested. In these
tests, materials were grasped several times using a MIS grasper replicating a typical
grasping action in MIS surgeries. In order to determine the maximum force that could
be experienced by the object, the amplitude of applied force was kept higher than that of
normal grasping. Although this force may cause permanent damage to the delicate tissue,
it can determine the maximum load under which the smart graspers should be tested.
The variation of the voltage for several cycle was recorded. The general force signature
for the soft materials were similar. Alternatively, the force profiles for the hard materials
were similar together but different from those of soft materials.

Figure 4.4 illustrates the force experienced by a soft material. The frequency content

of this force also is shown in the bottom picture. It was observed that the grasping action
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creates a force profile which can by approximated by a sinusoidal waveform. Alternatively

Figure 4.4: The force profile experienced by a grasped soft object. Vj is the output voltage of
the sensor. The corresponding force, sensed by the sensor is also shown in the middle graph. The
frequency content (Hz) of the force shows that the force waveform is very similar to sinusoidal

or half-sinusoidal waveforms.

the similar tests were performed on the hard materials. Figure 4.5 shows the result of
the test on the hard objects. In the this case, the measured force can be modeled as
a pulse. The results of these tests can be analyzed by the fact that soft objects show
a low resistance against the applied load. However, this resistance increases gradually
until the strain reaches to high values beyond which object starts resisting against the
load. This point is the peak of the force profile. In the releasing phase, the reverse
cycle starts. This scenario is different for the hard objects in which the force suddenly
jumps to its maximum and maintains until the releasing phase starts. In the releasing
phase the grasper suddenly detaches from the hard object and the force drops rapidly.
The comparison between frequency content of these two experiments shows that the soft
material grasping has a main component in a frequency between 1 and 2 Hz which is
similar to the half-wave sinusoidal waveform. Whereas the force profile in hard object

grasping can be compared with a pulse.
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Figure 4.5: The force profile experienced by a grasped hard object.

After understanding the nature of the applied load experienced by the soft object
in general, one can look at the force distribution within the grasped object and also at
the tissue-grasper interface. As the presence of a lump has a significant contribution in
this distribution, the rest of this chapter is‘devoted to the study of force distribution at
grasper surface in the presence of a lump. It was preferred to use hyperelastic formulation

to analyze this problem as soft material undergoes large strain under grasping action.

4.3 Hyperelastisity

Conventional theory of elasticity is primarily based on the infinitesimal strains, in which
the linear elastic assumptions are applied. For finite deformations, however, these as-
sumptions are not valid and in general the response of the material is different from that
of the linear theories. Materials that can experience a recoverable large elastic strain are
referred to as hyperelastic materials. For the hyperelastic materials, a Helmholtz free-
energy function ¢ = ¢(C) = ¢[[(C), L(C), L(C)] = ¥a(A1, Ag, A3) exists in such a way

that

9

(4.1)

where [;, I, and I3 are the strain invariants of the symmetric right Cauchy-Green tensor

C, and A,, a = 1,2,3 are the principal stretches. The Second Piola-Kirchhoff stress
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tensor S, is related to the Cauchy Stress tensor o, by: o = J~!FSF, where F is the
deformation gradient of the motion, i.e., F(X,t) = Grad x. It can be shown that the
relationship between Cauchy-Green tensor C and the deformation gradient F is: C =
FTF. The Jacobian of the motion, J, is defined as J = det[F;;]. In this article, to denote
scalar, vector and tensor quantities we use uppercase letters when they are evaluated
in the reference configuration, and lowercase letters for corresponding quantities in the
current configurations. For example, symbols X and x represent the positions in the
referential(original) and deformed (current) configurations, respectively.

The general form of Cauchy stress tensor o for an isotropic and incompressible material

can be derived as [127]:

_ e O 1
o= pI—|—28llC 2(‘3[20 4.2)
where I, I (and I3), the invariants of C;; are:
(
4 T2 = 2203 4+ 2202 4+ 2202 (4.3)
I3 = M2\2\2 = J?
\

The symbol J is also a measure of compressibility, i.e., the ratio of the deformed elastic
volume over the undeformed (reference) volume of material. For incompressible material,
therefore, a kinematic constraint, namely J = AjA3A3 = 1 can be considered. Hence,
as seen in equation 4.2, the two principal invariants /; and I are the only independent

deformation variables.

4.4 Hyperelastic Relationships in Uniaxial Loading

All strain energy density functions that are introduced for hyperelastic materials contain
some unknowns referred as material constants. These constants must be accurately com-
puted for the material under the test conditions. The conventional way of deriving these

constants is using the experimental stress-strain data. Technically, it is recommended
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that these test data should be taken from several modes of deformation over a wide range
of strain values. The number of modes of deformation in experimental tests should be at
least as many deformation states as will be experienced in the analysis [116].

For the present study, the test data of compression which is the dominant mode in
the MIS grasping, was used in order to find the material constants of the strain energy
function. For a uniaxial compression, A\; = Agppried = A is the stretch in the direction
being loaded. For an incompressible isotropic material in an unconstrained compression
test, the stretch in the other two directions are equal, A\, = A3 and also o3 = 03 = 0.
From the introduced relationships among the principal stretches and the compressibility

condition (J = A1AgA3 = 1) we arrive at:
Ao =g = \71/2 (4.4)

For the uniaxial loading the motion x can be expressed by the explicit equations:

(

Ty = )\Xl

\ T9 = 1/\/X X2 (4‘5)

Lil?g = ]./\/X X;

Therefore, the deformation gradient F,4 = g)%“;; a, A =1,2,3 has the form:

A0 0
Fl=1|0o VX 0 (4.6)
0 0 VA

The Right Cauchy-Green tensor C, can be obtained from equation 4.6 as follows:

X0 0
[Cl=[F"[F]=|0 X! 0 (4.7)
0 0 Al

The strain invariants, therefore, can be calculated directly from the principal stretches
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given by Equation 4.3 or from Cauchy-Green tensor:

4
I =tr(C) =\ + 27!

I = H{{tr(C))2 — tr(C?)} = 22 + 12 (4.8)

Iy =det(C) =1
\
Considering relations given in Equation 4.7, the Cauchy stress given by Equation 4.2 will

be reduced to the principal stresses:

oY 8zp

—_— 2 _
g11 = p+2all)\ 28]2 (49)
09 - o,
099 = —p + 26,[1 - 25};)\ =0 (4.10)
Subtracting Equation 4.10 from 4.9, we find that
1o oY,
—_ 2 _ v o Z7

Therefore, with having a suitable strain energy function, the derivation of 1 respect to
the invariants can be obtained and the stresses (here gy;) can be found. For example,
consider a strain energy function of the following general form [128],

00

Y= Cy(ly—3)'(I - 3) (4.12)

=3
which can be used for a wide range of applications. For a stress free condition in the ref-
erence configuration (undeformed state), 1 should be equal to zero. Since in the reference
configuration \; = A; = A3 = 1, and from Equation 4.8, I} = I, = 3, therefore, I; and I,
are subtracted by 3. In addition, for the same reason the constant Cpy (when ¢ = j = 0)
must be zero.

In the above equation when ¢ = 0, j =1 and i = 1, j = 0, the two-term Mooney-
Rivlin equation is obtained, ie., ¥ = Cyp(ly — 3) + Co1(I2 — 3). By substitution of
partial derivation of ¢ respect to Iy, i.e., Oy /01; = Cio and I, i.e., O/l = Cp; into
Equation 4.11 we find that

011 = 2(A2 = A1) (Cro + Coar A ™) (4.13)
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The constants Cy; and Cig in the last equation can be obtained from the stress-strain
relations of the material. To develop a more accurate model, more terms can be used. For
instance, the 3-term Mooney-Rivlin model for incompressible materials,which was used

for the present study is in the form of:
’w = CIO(Il - 3) + 001(12 — 3) + 011(11 — 3)([2 - 3) (4.14)

In the uniaxial stress-strain compression test, a cubic specimen of elastomeric material
with the dimension of 17 mm x 17 mm x 19 mm was cut out of a sheet and was placed
between two platens designed for compression tests. Then with a displacement rate of
2 mm/sec the sample was compressed until the force reached to the machine’s force
limit (40N) and the test was terminated. The compression tests was done using MCR
(Modular Compact Rheometer) 500 from Physica, Anton Paar. In order to reach to a
stable and repeatable condition, before recording the test results, three compression tests
were done. The output results of the corresponding software was in the form of force and
displacement, which was converted to the engineering strain and stress using the area and
the initial thickness of the specimens. The dependency of the results to the strain rate,
was examined by repeating the test at different strain rates. For the selected rubber-like
material, negligible difference between results was observed. Three samples were tested
under the same mentioned conditions and the results showed that the maximum error was
less than 4% between the samples. The numerical values were averaged and the result
is plotted in the Figure 4.6. The shape of the curve is similar to those of compression
tests done on the abdominal organs [129] which shows the closeness of the hyperelastic
behavior of the elastomeric with the real tissue.

In order to find the constants of the model, the averaged curve was used using
least square fitting procedure. The experimental values of engineering stress-strain, then
were compared with the curve obtained from the optimization procedure for the 3-term
Mooney-Rivlin model as illustrated in Figure 4.6. It should be noted that initially a
two-term model was tried. Nevertheless, the three-term model was preferred due to its

better approximation. The numerical values of the constants for the two and three terms
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Figure 4.6: Comparison between testing and 3-term Mooney-Rivlin strain energy function. The

horizontal and vertical axes are engineering strain and engineering stress, respectively.

Mooney-Rivlin model are summarized in Table 1.

Table 4.1: The constants of 2 and 3 terms Mooney-Rivlin Model (kPa).
Model N| Cp Coi | Ci1 | Residual

Mooney-Rivlin | 2 | 31.33 | -8.92 - 7.34

Mooney-Rivlin | 3 | 68.49 | -39.88 | 5.71 4.7

4.5 Finite Element Modeling

A nonlinear three dimensional finite element model using Ansys commercial software was
developed. The mized u-p formulation was used to solve the problem because of its
superior results in solving the hyperelastic incompressible problems compared with the
pure displacement formulation [130]. Although the displacement formulation is compu-
tationally efficient, its accuracy is dependent on Poisson’s ratio or bulk modulus. In this
formulation, volumetric strain is determined from derivatives of displacements, which are
not as accurately predicted as the displacements themselves. For nearly incompressible

materials, in which the Poisson’s ratio is close to 0.5 or bulk modulus approaches infin-
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ity, any small error in the predicted volumetric strain will appear as a large error in the
hydrostatic pressure and subsequently in the stresses. This error, in turn will also affect
the displacement prediction, as external loads are balanced by the stresses. This may
results in smaller displacements than they should be for a given mesh (which is called
Locking) or, in some case, it will result in no convergence at all. The mentioned problem
also are encountered in fully incompressible deformation, such as fully incompressible hy-
perelastic materials. In the mixed u-p formulation in which the hydrostatic pressure P is
interpolated on the element level and solved on the global level independently in the same
way as displacement, these difficulties are eliminated. In this method, the contribution of
hydrostatic pressure referred to as volumetric response is separated from the deviatoric

response. Therefore, the stress, for instance has to be updated by:

éij =04 — (SZJP (415)

where the prime in &;; shows the deviatoric component of Cauchy stress tensor. Alterna-

tively, the deviatoric component of deformation tensor e;; can be expressed as:

1
éij =€ — 561"61, (416)
where e, = d;5€;; = e;; and
e = 1(% Ou;
Y20z O

) (4.17)

in which u; and z; are the displacement and coordinate in the current configuration,
respectively. In addition, for a fully incompressible hyperelastic material, the volume
constraint is the incompressible condition (Sussman and Bathe [131], Bonet and Wood
[132], Crisfield [133]):

1-J=0 (4.18)

where, J = |Fj;| = dv/dVp in which |F};| is the determinant of deformation gradient
tensor and Vy is the original volume. The constraint Equation 4.18 is introduced to

the internal virtual work by the Lagrangian multiplier P. Finally differentiating the
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augmented internal virtual work, gives the stiffness matrix in the form of:

Ky Kyp Ay R
= (4.19)
Ky Kpp AP 0
where Au and AP are displacement and hydrostatic pressure increments, respectively.

The stiffness sub-matrices can be obtained form the following equations [134].

Ky, = / Bo]7[C][Bo]dV (4.20)
1%
Kup= KL = — / By T[N, ]dV (4.21)
v
Kop == [ (N7 LNV (422

where [C] is the stress-strain matrix for the deviatoric stress and strain components. The
matrix [N,] can be obtained from the additional interpolation introduced for hydrostatic
pressure: p = [N,]{P}. The deviatoric strain-displacement matrix [Bp] is given by:
{é} = [Bp]{d} in which {d} is the vector of nodal displacements. In element formulation,
material constitutive law has to be used to create the relation between stress increment
and strain increment. The constitutive only reflects the stress increment due to straining.
However, the Cauchy stress can not be used, because it is affected by the rigid body
rotation and is not objective (not frame invariant). Therefore, an objective stress is needed
to be able to be applied in constitutive law. The Jaumann-Zaremba rate of Cauchy stress

expressed by McMeeking and Rice [135] is one of them [127] which is defined as follows:

. J . . .
05 = Cij — OikWjk — OjkWik (4.23)
where c'fgfj is the Jaumann-Zaremba rate of Cauchy stress, w = %(g’;’% - —g—;@) is the spin
7 1

tensor and o7, is the time rate of Cauchy stress. On the other hand, using the constitutive

law, the stress change due to straining can be expressed as:

&7 = Cijmdn (4.24)

v

where Cjji is the material constitutive tensor and dy; is known as rate of deformation
tensor and given by: ,
1 6’0i 81)]-
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in which v; is the velocity. By substituting Equation 4.24 into Equation 4.23, the Cauchy

stress tensor can be obtained as:
0ij = Cijnidr + oawjp + 0jxWik (4.26)

In the present study, in order to model the portion of tissue that is grasped by MIS grasper
a cube contained a stiffer object is considered for the geometry under study. The bulk soft
tissue as well as tumor were modeled using 10-node tetrahedral Solid187 element which
has a quadratic displacement behavior and is well suited to modeling irregular meshes.
Each node has three degrees of freedom, translations in the nodal x, y and z directions.
This element has mixed formulation capability for simulating deformation of nearly in-
compressible elastoplastic materials, and fully incompressible hyperelastic materials. Al-
though, soft tissue assumed to be hyperelastic, tumor was considered to be isotropic. The
strain energy function ¢ for soft material was selected to be the 3-term Mooney-Rivlin
model [136] due to its satisfactory performance in compression state of stress. As elab-
orated below the three coefficients of the model for incompressible isotropic hyperelastic
materials, were obtained from the implemented experimental stress-strain data using least

squares optimization method.

4.5.1 The Parametric Study

As mentioned in Section 4.1, a number of parameters have significant effect on the out-
put, e.g., the voltage output of the sensors positioned on the contact surface. In general,
some combinations of the mentioned parameters produce similar stress distribution on the
contact surface. Therefore, some restrictive assumptions and relationships are required
to formulate the response of the system with respect to the variation of inputs. This
is particularly important to facilitate the construction of an inverse model in which the
information about the lump could be extracted from the tactile image or stress distribu-
tion at the contact surface. Therefore, introducing substitutive parameters obtained by

combining several parameters is preferred.
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As an example of parameter reduction, consider the parameters that are required
to determine the size of a lump. In general; at least three parameters are required to
determine the size of a lump. Since tumors can largely be approximated as spherical
features, the number of parameters to characterize the size of the tumors or lumps can
be reduced to one value, i.e., the lump radius.

The cross section of the finite element model of the hidden mass embedded in the
soft tissue is shown in Figure 4.7. In the following, the impact of variation of each
involved parameter is presented. To demonstrate the variations of tactile image, the
stress distribution recorded on a path defined by a straight line that passes from the
middle of the bottom surface, for each case study is recorded and plotted. This was found
to be a clearer way than 3-D graphs. The variation of pressure is represented by pressure
ratio P/Py,, in which P is the pressure distribution across the contact surface caused by
the lump and P, is the applied pressure. This ratio, therefore, defines that how much

the pressure distribution is influenced by the lump and other associated parameters.

Lty
,ﬁmméter

Figure 4.7: A half-model of soft tissue which containes a lump
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The Effect of Lump Size

The size of a tumor is normally significant in diagnostic phase of a disease. In addition,
early detection of tumors, followed by appropriate treatment can increase the cure rates
radically. To show the effect of the tumor size on the pressure distribution and conse-
quently on the system output, a spherical lump was considered inside a bulk soft tissue.
In this set of simulations, the diameter of the lump was changed from 2 mm to 8 mm
corresponding to the D/t =~ 0.2 to D/t = 0.8 in which D and ¢ are diameter of the
lump and thickness of tissue, respectively. For each ratio, the pressure distribution at the
contact surface was predicted and is shown in Figure 4.8. In these simulations, the load
was applied in the form of displacement(strain). The surface nodes were coupled together
and a known displacement (e.g., Uy = 1 mm or 4 mm) was applied at top surface of the
tissue.

The center of lump was considered to be in the middle of the tissue. From the demon-
strated results in Figure 4.9, it can be deduced that with the increase of lump size, the
maximum pressure value increases almost linearly for relatively small and medium size
lumps, while the peak pressure is elevated nonlinearly for large size lumps. In Figure
4.8, the curve corresponding to the tumor size of R = 1 mm, with a low peak value,
indicates that the small size lumps are very difficult to be detected. As shown in the next
simulation, the maximum pressure ratio is also highly sensitive to the depth of the hidden
lump. A lump with a large diameter has two features. It covers larger parts of sensing
area. In addition, the outer surface of the lump is closer to the sensing area. The effect

of lump depth is discussed in the next section.

The Effect of Depth

The depth of the lump namely H, i.e., the distance of the lump from the bottom con-
tact(sensitive) surface, plays an important role in the amplitude as well as the shape of
the pressure contour. Figure 4.10 shows how the stress distribution at the contact sur-

face varies with the depth of the lump. In this test, the diameter of the lump was kept
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Figure 4.8: The pressure distribution at the contact surface when the lump radius was increased

from R=1mm to R=4 mm and P, =5 kPa.
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Figure 4.9: The pressure distribution at the contact surface when the lump radius was increased

from R=1mm to R =4 mm.
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constant, i.e. D = 4 mm, while the lump height was changed from 2 mm to 8 mm from
the contact surface, in 2 mm steps, while a 10% compressive strain (P, ~ 10 kPa) was
applied through the top surface. As seen from this figure, the maximum pressure dra-
matically drops when the lump distance increases. This trend is shown in Figure 4.11 in
which the maximums of each pressure distribution are plotted against the depth of lump.
For the cases with distance of 6 mm and 8 mm, the peak pressures are almost identi-
cal. However, for farther lumps the pressure curve covers a larger area. For the lump at
height H = 2 mm a slight undershoot was observed which could be a distinctive sign for
marginal lumps. By using this information in design stage, it is possible to calculate the
minimum spatial resolution for sensing elements in order to have a good approximation
of lump depth. The difficulty in detecting deep lumps suggests that several attempts
from different orientation might be required to localize the lump. Furthermore, it can be

shown that smart graspers with two sensorized surfaces could perform better in detecting

25 A
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Figure 4.10: The effect of lump depth on the stress distribution when P;, = 10 kPa, R = 2 mm

and the center of the lump is changed from 2 mm to 8 mm from the contact (bottom) surface.
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Figure 4.11: Peak pressures for different lump depths when P, &~ 10 kPa, R = 2 mm and the

center of the lump is changed from 2 mm to 8 mum from the contact surface.

The Effect of Applied Load

The magnitude of the applied load also affects the pressure distribution. The results of
the simulations when the applied load is changed from U, = 1 mm to 4 mm are shown
in Figure 4.12. The maximum pressure is proportionally increased with the magnitude
of the applied load. This graph also demonstrates that an increase in applied load does
not remarkably affect the area under the bell-shaped pressure contour. However, this
dependency shows that for softness sensing or lump detection in addition to the stress
profile, the magnitude of the total applied load must also be measured.

To exemplify the difference between the results obtained from the linear analysis and
those of linearized relationships, we have compared the maximum pressure values com-
puted for various applied displacements with those that are obtained from linear analysis.
This comparison which is depicted in Figure 4.13, reveals that first, linear analysis shows
higher values and second, this difference has grown for higher deformation loads. This
result is in agreement with the nonlinear behavior of the tested elastomeric material il-
lustrated in Figure 4.6. This figure demonstrates that for infinitesimal deformations a

straight line could be fit to the experimental data, however for larger deformations this
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Figure 4.12: The variation of stress profile due to the variations of applied load. The values
are normalized based on the background pressure for U = Imm. In these simulations the lump

with the radius of R = 2 mm was located in the middle of the tissue.

linear fitting leads to remarkable errors.

The Effect of Lump Stiffness

The stiffness of the lump and tissue are also effective parameters in the studied case.
Several researchers {137, 138| have used the ratio of Young’s modulus of the lump to that
of the soft tissue, (Er/FEr), to analyze the relative variations of stiffness of lump respect
to that of tissue.

In the present analysis, considering material nonlinearities of tissue from one hand
and assuming linear elastic isotropic property for the lump, the comparison between the
stiffness of the lump and tissue could be complicated. Therefore, for this part of the
analysis, the linear elastic modulus of the tissue was considered to be Er = 15 kPa, close
to the values reported for typical soft tissues [139]. Then, the Young’s modulus of the
lump, (F) was changed from 15 kPa to 15 M Pa. The results as shown in Figure 4.14,

indicate that for the large lump’s Young modulus, e.g., 1.5 M Pag and 15 M Pa there
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Figure 4.13: The maximum pressures obtained from nonlinear analysis against those of linear

analysis. Simulation conditions are similar to that of Figure 4.12.

is no notable difference in stress profile. Indeed, the difference between the maximum
pressures for E; = 150 kPa and E; = 15 MPa is less than 7%. In other words, the
system output is not much sensitive to £y, for £, > 10Ep. This is useful in reducing the
number of unknowns for this problem. Since the reported Young’s modulus for the lumps,
for instance, in breast cancer, is normally ten times higher than that of the tissue [138],

this variable can be regarded as a constant.

4.6 Experimental Validation

Validation is an important step to ensure that the numerical analysis were performed ap-
propriately and the correct results were obtained. Nevertheless, performing experiments
are not always easy. For instance, preparation of spherical lumps with the exact dimen-
sions and exact Young’s modulus on one hand and carving out their exact shape from the
bulk soft tissue on the other hand is difficult. Any gap between lumps and bulk tissue due
to inaccurate carving of the tissue yield erroneous results and pressure distribution. It

is also challenging to accurately adjust the center of the lump at the intended positions.
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Figure 4.14: The stress distribution for different Er,, the Young’s modulus of the lump while the

Young’s modulus of tissue was kept constant at Ex = 15 kPa. The applied load was Uy = 1 mm

and the lump was considered to be in the middle of the tissue.
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that of Figure 4.14.
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Creating the same boundary condition in experiments and in finite element model is an-
other challenging task. In addition, friction forces could play an important role in many
experiments and very difficult to measure and implement, both in the experiments and
finite element analysis. The dimensional and geometrical differences between the FEM
and experiments are highly probable and could potentially be a source of error. The
utilized sensing element are also important in the final result. In this study, an array
of the piezoelectric PVDF (Polyvinylidene Fluoride) sensing elements were used to reg-
ister the stress distribution over the contact area. Therefore, extreme care was applied
in making a series of identical sensing elements in the prototyped device. However, after
manufacturing some discrepancies among the sensing elements were observed. Therefore,
in the initial stage the elastomeric without any lump was placed on the sensing array and
the outputs of the sensors were tested and calibrated. Due to mentioned difficulties, at
the present study only two different combinations of the parameters were tested. The
elastomeric material that was primarily used in the compression tests, was also used in
the experimental work as soft tissue. The acrylic balls with two different sizes (3 mm and
4 mm), simulating the lumps, were inserted into the hollow spaces that were carefully
carved out of the bulk elastomeric. To change the depth of the lumps, several layers of
the elastomeric material were cut into same dimensions but different thicknesses. The
lumps were placed in one of the layers, so that the other elastomeric layers could be used
as spacers to increase or decrease the distance of the lump layer from the top or bottom
surfaces while the total thickness was kept constant. A dynamic load was applied by
the shaker which was driven by a power amplifier and a signal generator. To register
the pressure distribution on the contact surface, an array of 1.5 mm-wide, 28-um thick
PVDF film, were positioned 0.5 mm apart. The picture of the sensor with seven sensing
elements is shown in Figure 4.16. To apply uniform distributed load a flat plate was
attached to the probe as shown in Figure 4.17. In order to change the depth of lump,
multiple layers of elastomeric material were used. The experimental setup was similar to

the previous experiments and is shown in Figure 2.20. The outputs of the sensors were
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Figure 4.16: The sensor with seven sensing elements is connected to DAQ.
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Figure 4.17: Soft object with embedded lumps under the test. Top plate was to replicate the

upper jaw of grasper to apply compressive loads.
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fed into the connector box through the interface circuit. The data was then transferred
to the computer using the DAQ (NI PCI-6225, National Instrument).To reduce the noise
effect, in each experiment the average of peak values of at least 20 cycles are recorded and
arithmetically averaged. In the first test(i.e. Testl), the parameters were as follows: ap-
plied displacement U, = 2.5 mm; diameter and depth of the lump were 6 mm and 5 mm,
respectively. While in the second test, the applied displacement was U, = 1 mm and
diameter and depth of the lump were 4 mm and 4 mm, respectively. The experimental

results are compared with finite element results and shown in Figure 4.18.
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Figure 4.18: The experimental data versus finite element results (error bar indicates the range
of readings). The simulation conditions for Testl: U, = 2.5 mm, R = 3 mm, Depth=5 mm and

for Test2 : U, = 1 mm, R =2 mm, Depth=4 mm.
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4.7 Discussion and Conclusions

The results obtained from the finite element analysis of a mass embedded in soft tissue
are presented in Section 4.5.1 and they show that the pressure distribution at the contact
surface is influenced by several parameters such as size, depth and stiffness of the lump as
well as the applied force. The nonlinearity of the response respect to these parameters are
shown. This nonlinearity can be attributed to both material nonlinearity of soft tissue
and geometrical nonlinearly which happens for large strains. The repones to variation in
applied load, as depicted in Figure 4.12, shows that although an increase in grasping load
causes an increase in the maximum pressure, the shape of curve remains unchanged. In
addition, the amount of area that each curve covers remains almost constant. This could
be an distinctive sign that differentiates the effect of variations in load from the variations
in the size and depth of the lump. |

It is shown that although the ratio of Young’s modulus of the lump to that of tissue is
an effective factor, the stress profile remains almost unaltered for the ratios higher than
10. On the other hand, the pressure ratio is highly sensitive to the variation of stiffness
of the lump for E; < 10E7 which potentially is helpful in detecting lumps in their early
stages.

The thickness of tissue clearly affects the stress profile, however, for a specific arrange-
ment of lump and tissue, the increase in tissue thickness is equal to the decrease in lump
size. Therefore, it is possible to combine both parameters into one variable in order to
reduce the number of involved parameters, by introducing the dimensionless ratio D/t,
i.e., the lump diameter to the tissue thickness.

The soft tissue shows very complex behavior including hysteresis and viscoelasticity
which have not been considered in this study. Nevertheless, special attention was paid
in order to model accurately the nonlinearity of the tissue. To do this, an elastomeric
was mechanically tested and the experimental data was used for simulations. Initially
several strain energy functions, such as, Ogden, Neo—Hookean and Mooney—Rivlin were

considered and finally it was found that 3-term Mooney—Rivlin demonstrated satisfactory
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agreement with the experimental data. The geometry and boundary conditions in the
simulations were assumed in such a way that replicate the state of a tissue grasped by a
typical MIS tool. The existence of the lump within the grasped tissue affects the pressure
distribution on the contact surface. Therefore, close inspection of the pressure distribution
reveals valuable information about the lump which is useful particulary in developing
inverse models of the problem as well as designing the smart endoscopic graspers. The
findings of this study can be used to calculate the required sensitivity and resolution of
the sensing elements located at the contact surface as well as spatial resolution of any
proposed array or matrix of the sensors for this purpose. In addition, the tactile image

can be used for the visualization and enhancement of the existing 2-D video images.
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Chapter 5

Graphical Rendering of Localized

Lumps for MIS Applications

5.1 Introduction

Despite numerous advantages of MIS procedures, there are some shortcomings that have
been the subjects of studies in the last decade. Numerous research works on restoring the
sense of touch (e.g., force, softness and pulse sensing) to surgeon, have been performed
[1, 61, 140]. However, there is just a handful of work conducted on finding hidden anatom-
ical features [25, 67, 102, 141, 142], which are mostly performed for locating breast lumps.
Detecting masses or stiffened tissue is a routine practice performed by surgeons commonly
in open surgeries. The biological tissue composition and consistency are often changed
from one tissue to another by various diseases [65]. For example, malignant tumours are
generally harder than the surrounding tissue, and this is the reason why tumours can
often be detected by palpation. To the best knowledge of the authors, no comprehensive
research work has been reported on the characterizing and rendering hidden masses for
MIS or robotic MIS applications. In addition to locating an embedded lump, convey-
ing the extracted information to the surgeon is another challenge. The solution of this
problem will also be useful for the development of sophisticated remote palpation device.

Some of the earliest tactile sensor designs using piezoresistive and capacitive transduction
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principles were reported in the early 1990s [143]. A majority of research works with tactile
applications are dedicated to the force and pressure sensors [144, 145, 146, 147]. How-
ever, some researchers have introduced tactile sensors capable of softness sensing or lump
detection. For instance, a tactile sensor that was able to detect the hardness/softness of
an object impressed upon was developed by Omata et al. [148]. The sensor works on the
principle that contact with an object will cause a change in the resonance frequency of
a piezoelectric element. Barmana et al. [69] developed a deformable force-stretch array,
called DFSA, for lump detection. Their complex sensor combines an array of linearly de-
formable tactile sensing element (tactels) with length change transducing stretch elements
connecting the tactel tips. The force transducers (tactels) are deformable but more rigid
than the tissue of the body part to be palpated. The second major components of the
DFSA are elastic stretch elements, which bridge the tips of the tactels and conform to the
body surface contour. Although the sensor shows satisfactory results in detecting nod-
ules, there is no report that it can be microfabricated and is suitable for MIS applications.
Wellman and Howe [67] reported the development of a model along with an inversion al-
gorithm for extracting breast lump features from the distributed contact pressure between
a scan head and the tissue. They utilized a matrix of piezoelectric pressure sensors placed
at hand held probe which scans the target region. By comparing the response of the
system to the places without and with hidden mass, a tactile map was developed. Their
parametric study showed the influence of the lump and surrounding parameters on the
output response. The techniques such as scanning and signal processing methods used
in their study were tailored for the detection of breast tumors. Howe et al. [42] also
reported investigation on a remote palpation system in which an 8x8 tactile sensor array
was used to register the pressure distribution at the contact surface of sensor and object.
Then using shape memory alloys, a 6 x 4 pin elements designed as shape display to ren-
der the desired shape to the human finger. Another work in the domain of breast lumps
was reported [149] in which, a tactile mapping device for characterizing and documenting

breast lumps was developed. This device measures three key variables during palpation:
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the examiner’s search patterns, the applied forces, and the small-scale pressure variations
at the skin due to lumps. In a work reported by Yan et al. [150] finding an inclusion in
a medium was considered as a signal detection problem. All useful information in an ob-
served vector valued function was summarized into a single statistical scalar-value, whose
probability distribution under different conditions is known. Comparison of this statisti-
cal value to a threshold value permits the detection of the inclusion. A biological sensor
for detecting foreign bodies is presented by Shimizu [151]. It consists of a balloon probe,
which is constructed with a thin rubber membrane inflated with compressed air, and an
optical deformation analyzing system. Although this system can detect the presence of
small balls embedded within a sponge, due to its complexity, it cannot easily be applied to
MIS graspers. Shikida et al. [62] reported a tactile sensor that can detect both force and
hardness of an object. It consists of a diaphragm with a mesa structure, a piezo-resistive
displacement sensor on the diaphragm, and a chamber for pneumatic actuation. Their
proposed sensor is complex and difficult to be used in MIS. In addition, it needs effective
way of presenting data to the surgeon. A sensor reported by Najarian et al.[152] consists of
a rigid cylindrical and a deformable rubber-like section which is able to measure the stiff-
ness of the touched objects. Although this sensor is integrated with a typical endoscopic
grasper used in minimally invasive surgeries, its microfabrication is a challenge. Wellman
et al. have used an array of piezoresistive pressure sensors as a scan head to measure the
contact pressure [66, 153]. By measuring the position and orientation of the scan head
using an electromagnetic tracker, a tactile map of the tissue is prepared that can show
the position and size of the tumors. In research conducted by Wellman et al. [67, 154] the
experiments and computational method were developed to provide the size and elasticity
of breast tumors. Using force-displacement data from indentation tests on a synthetic
breast model, embedded tumors could be differentiated from the surrounding tissue-like
material. Galea and Howe [155], examined the potential for tactile imaging to measure
tissue properties and geometric information about subsurface anatomical features such

as large blood vessels. While a couple of papers have investigated the tumor detection
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in breast cancer [43, 67, 153], almost no comprehensive work has been done to locate,
characterize and render lumps in MIS surgery. In addition, displaying the recorded tac-
tile information has been limited to some primary and complex prototyped shape display
devices which require special electronics and signal processing. In this paper, a system
for characterizing the embedded lumps and its graphical rendering is introduced. In the
proposed system, using an MIS multifunctional tactile sensor [78], the masses within the
tissue are detected, located, features extracted, and visually displayed. The utilized sensor
unit is a comparatively simple piezoelectric Polyvinylidene Fluoride (PVDF) base tactile
sensor which is associated with a new approach for the graphical demonstration of lumps
embedded in a soft object. The displayed images are readily recognizable by the surgeon
and there is no need for extra hardware. When an array of the sensors is placed in one jaw
of the endoscopic grasper, the location of the lump along the grasper could be detected
and displayed. While, by using two arrays of the sensors in the upper and lower jaws of
the grasper, it is possible to find and graphically represent the depth of the lump in the
grasped object as well. Therefore, using the proposed system, surgeons can detect the
presence or absence of the lump and obtain useful information on its size and location by

simply grasping the target organ by the smart endoscopic grasper.

5.2 System Design

The proposed system used for this study consists of a smart endoscopic grasper equipped
with an array of tactile sensors, data acquisition interface (DAQ), and the necessary signal
processing algorithms that process the tactile information provided the sensors and finally
displaying the visual information. The complete system is schematically shown in Figure
5.1. As shown in this figure, when surgeon uses the smart endoscopic grasper to grasp
a tissue, the sensor array measures the contact force distribution across each sensing
element as well as the total applied force. The electrical outputs of the piezoelectric

sensing elements are then conditioned and transmitted to the data acquisition system:.
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Using the data acquisition card, the signals are amplified, filtered, digitized and processed
by a computer. A computer code was developed in LabView (version 7.1) environment for
signal conditioning such as filtering out the line noise. In addition, a rendering algorithm
also developed in LabView, was used to map the extracted signal’s features to a gray scale
image. Using the constructed images, surgeon realizes not only the presence or absence

of lump, but also the approximate size and location of the detected lump.

Graphical Rendering
/ Display € Algorithm Ir\ Signal
‘ Processing
Smart MIS
Grasper > DAQ

v

Tissue

Figure 5.1: Components of the proposed system.

5.3 Sensor Structure

The details of the sensor including its design and working concept have already been
presented in {78]. The structure of the sensor integrated with an MIS grasper, as shown
in Figure 5.2, is corrugated to ensure a firm grasping of the tissue. Figure 5.2 shows the
proposed grasper in which just the lower jaw is equipped with an array of the tactile
sensors. The number of the sensors, their length, width and thickness as well as the space
between them could be optimized for each particular application. In this study, in order to
replicate the human finger spatial resolution, the sensor array was made of seven equally
spaced piezoelectric PVDF base sensing elements. The spatial resolution for human finger
using the Two-Point Discrimination Threshold (TPDT) is reported to be about 2 mm

[156]. Therefore, 1.5 mm wide sensing elements positioned 0.5 mm apart were considered
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for this study. Evidently, a finer array will yield into better spatial resolution than that

of human finger.

Figure 5.2: A view of the grasper with one active jaw equipped with an array of the seven

sensing elements.

5.4 Rendering Algorithm

Two configurations of the sensors on the grasper are examined. The grasper structure
shown in Figure 5.2, having one sensorized jaw is capable of locating the lumps in one
dimension (x-axis), while the grasper with two sensorized jaws, which will be described
in Section 5.4.2, can characterize the lumps in two dimensions, x and y axes (location of
the lump in y direction can be considered as lump depth). In both designs, when there
is no extraneous feature in soft object, depending on the grasper geometry and design,
all sensing elements show either an equal output voltage or exhibit a regular pattern that
is assumed as background frame. The presence of the lump causes an uneven voltage
distribution through the sensing elements. The deduction of the background frame from
the total response yields the net effect of lump and hence will increase the sensitivity. In
addition to the lump detection, the softness of the bulk soft object in the sections with
no embedded masses can also be measured [154]. The outputs of the sensing elements
depend on several factors, such as the ratio of the Young’s modulus of the lump E; to

that of the tissue Er, the size and depth of the lump and the magnitude of the applied
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load. Extracting all features of lump from the minimal sensor used in this study is a
formidable task, as some combinations of lump stiffness, size, depth and the applied force
create similar output pattern. This complexity is also reported by other researchers [67].
However, there are some constraints that can be used to reduce the number of variables or
at least to control their range. For instance, our analysis [157] shows that for % > 10, the
variation of this ratio has negligible effect on the output. Fortunately, absolute majority
of the reported stiffness for the tumors are greater than this ratio [67]. Therefore, in
the practical range, the output response is not much influenced by the variation of the
Young’s modulus of the lump. Another influential factor is the magnitude of the applied
load. The contact force between the grasper and the tissue depends on the load exerted
by grasper jaws to the tissue. Therefore, it is necessary to measure the total applied load
besides the pressure distribution. The applied load can be measured in different ways.
For instance, a strain gauge attached to the jaw can provide data on the magnitude of the
applied load. Another approach to measure the applied load was presented in a previous
work, in which an extra PVDF film is used at the supports of each sensing element [78].
In the experiments conducted in this study, the load was measured using a reference load
cell. Furthermore, to reduce the number of contributing parameters, throughout this
article, the force was kept constant. The other remaining factors are the size of tumor,
its location in x and y directions. Since the majority of masses can be approximated as
spherical features, the number of parameters to characterize the size of the sensor can be
reduced to one value, i.e., the lump radius. The first design (see Figure 5.2) overlooks
the depth of lump and locates lump merely in x direction. While, by using two sets of
arrays of sensing elements in the second design described in Section 5.4.2, it is possible

to determine the depth of lump as well.
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5.4.1 Graphical Representation of Localized Lump in One Di-

mension

As shown in Figure 5.2, in the first design the lower jaw is equipped with the sensor
array while the upper jaw applies only compressive load to the object containing lumps.
To graphically represent the location of the lump, initially an image with seven vertical
parallel bands corresponding to the seven sensing elements was considered (see Figure
5.3-b). The intensity of each band was considered to be proportional to the output of the
corresponding sensing element. The voltage distribution along the sensor array can be

considered as a vector {V'}1x7 that is related to the intensity vector {I}1x7 by:

IZ:%(K_l)’ V;Sa
(5.1)
L, =K-1 R Vi>a

where ¢ = 1,..,7 and « is the normalizing factor that determines the working range (very
soft, soft, medium, etc.), and K is the number of gray scales that are used in construction
of graphical image (here K=256). It is seen from Equation 5.1 that for a given a ,
when V; < o, the scaling factor o maps the input voltage domain into interval [0, 1],
then this value, using (K-1) factor, would be mapped into the corresponding gray level,
between 0 to 255. Once V; > a , all the values of V; would be mapped to the maximum
intensity (i.e, I; = 255 ). For instance, Figure 5.3-b shows the graphical display for the
case that two lumps were detected in the grasped tissue. In this case, one of the lumps
had been positioned above the sensing element No. 6 and the other one had been placed
above and between the sensing elements 2 and 3 (see Figure 5.3-a for the configuration).
However, due to the limited number of the sensing elements, the quality of image shown
in Figure 5.3-b was not satisfactory. Therefore, by using an interpolation technique the
quality of the image as shown in Figure 5.3-¢c was enhanced. Prior to implementation of
interpolation, the number of elements had to be increased from 7 to any desired number
(N). To do this, (N-7) extra elements were required. Therefore, =" elements were inserted

between each two original elements. The resulted (1xN) vector {G}, is in the following
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form:

{G} =\{017G27"'7GN-1,GN]; (52)

~
Nelements

in which

Glz‘/lv Glgﬁz%’ Ggﬂgi‘l=‘/3a
Goangs = Vi, Ganga =Vs, G =V, Gy =V;

The intensity values assigned to the inserted elements were calculated using linear inter-

polation relationship expressed in Equation (3).

N+5} Vien =V
5 (N =1)/6’

G = Vi{i—1- (j —1)( (5.9)

where 1+ (j — )&= <4 <1+ 8L
The indices j (1 £ j < 6)andi (1 < ¢ < N) are associated with the original vector
{V} and the augmented vector {G}, respectively. The numerical example for N = 60, is

illustrated in Figure 5.3-c.

5.4.2 Graphical Representation of Localized Lumps in Two Di-

mensions

Figure 5.4, illustrates the second prototyped grasper in which both upper and lower jaws
are equipped with the arrays of sensors. Using this grasper, it is possible to locate lumps
in two directions, along the jaw (x-axis) as well as its depth (y-axis). The steps used for
the construction of 2D tactile images, are demonstrated in Flowchart 5.5.

For better clarification of the algorithm used in this study, consider the case illustrated
in Figure 5.6-a. This figure demonstrates a grasped tissue which contains a lump that is
aligned with the sensing elements 2y and 2y, where the subscript U and L refer to the
Upper and Lower sensing arrays, respectively. The distance of the lump from the upper
and lower sensing elements are shown by a and b, respectively. Figure 5.6-b shows the 2D
intensity graph which was built using one dimensional algorithm as explained in Section

5.4.1. This graph consists of two rows of color bands, which are corresponding with two
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Figure 5.3: Locating the lump in one direction and its graphical rendering.

arrays of the sensors, one on the top and the other at the bottom. Therefore, this graph
can be considered as a matrix with 2 rows ( color bands) and 7 columns (sensors), i.e. 2x7
cells. The corresponding matrix in which each element represents a voltage amplitude is

in the following form:

V] = Vo Vi, Vo, Vo, Vs Vs Vi (5.4)

Vi, Ve Vig Vie Ve Vie Vi,
As it can be seen, Figure 5.6-b cannot clearly demonstrate the valuable information about
the location of the lump. To show the precise location of the lump, the dimensions of the
matrix and consequently the number of matrix elements were increased. The graphical
enhancement in x-direction was explained in Section 5.4.1, hence in this section the row
operations (y-direction) are emphasized. As shown in Flowchart 5.5 step 5, the number

of rows was increased to M by inserting (M — 2) rows of zeros between the first and

second rows of matrix [V'] which led to an Mx7 matrix. Furthermore using the technique
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Embedded
- Lump

Figure 5.4: The second design of grasper in which both upper and lower jaws are equipped

with sensing elements.

explained in Section 5.4.1, the number of columns was also increased to N. The resulted

M x N matrix [Go] would be in the form of:

Gu, Gu, -+ Guwn-1) Guy
0 o .- 0 0
[Gol=| : i : : (5.5)
0 0o - 0 0
| Gr. G, Grv-1y Gry

~
N Columns

For the graphical representation of the lump, two parameters had to be determined, the
location of the center of lump in each column and its corresponding intensity value. In
order to designate the vertical location of the center of lump in each column (step 6,
flowchart 5.5) a relationship between the thickness of the tissue and the rows of matrix
[Go] was used. If a lump is located in the tissue at a distance of a from the upper sensor
array, it will be mapped into the row r, where r can be found from relationship:

_T;_ a _ GU
M a+b Gu+GyL

(5.6)

in which (a + b) that is equal to the tissue thickness, was considered to be proportional
to the number of rows (M). Regardless of existence of lump, the above equation was
applied to all columns (see Figure 5.7). If a lump exists in a column, then a and b

are the distances of the center of the lufnp from the upper and lower sensor arrays,
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Figure 5.5: The flowchart of the algorithm implemented in LabView and used for the graphical

rendering.

respectively. For the columns with no lump, the associated sensor outputs are equal and
Gr = Gy, thus r = M/2. These cells are indicated in Figure 5.7 with gray color. In other
words, the algorithm assigns a non-zero value to the middle row of the columns with no
lump. Although this value is not significant, it can be considered as a shortcoming of the
algorithm. In order to determine the intensity values of these locations in each column,

the following relation was used:
Gy =GUj+GLj (5.7)

where G,; specifies the intensity value of the cell located in the row r and column j,

showing the center of lump in that column. The result of this operation is matrix [G;],
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Figure 5.6: The graphical rendering of the characterized lump in two dimensions. (a) A lump
located in a soft material with the upper and lower sensor arrays, (b) 2D intensity graph asso-
ciated with the sensor array outputs, (¢) A 7x7 matrix showing the location of the lump, (d) A

60x100 matrix that gives a better information on location and size of the lump.

M Rows

lumns | J

Figure 5.7: The relationship between grasped object and intensity matrix.
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in which the centers of detected lumps are specified.

GUI GU2 cee GUN
0 o .- 0
0 o .- 0
[Gl] = Gr11 GT'22 Tt GT'NN (58)
0 0o - 0
Gu, Gi, - Gu.

It should be noted that in case of having multiple lumps, the center of each lump will be
mapped to a row that corresponds to the lump’s original depth in the tissue. Therefore,
for instance, G,,; and G,,2 are not necessarily in the same row. As depicted in step 7 of
Flowchart 5.5, then a row interpolation procedure was implemented. At this step, in each
column three values were known; Gy; , G,; and Gp;. Therefore, using these values and
through a linear interpolation, new intensity distribution was assigned to all zeros. The

final intensity matrix [H] can be represented as:

Hyy Hip -+ Hy
Hoy Hy -+ Hy,
[H] = z P s (5.9)
Hopr-y Hm-n2 - Hu-yw
| Hmn Huz -+ Hun |

where, the intensity of each cell was calculated from relationship 5.10.

Hy=Gy;+(i-1)T252, 1<i<r, 1<j<N (5.10)
G ) . '
Hij=GTjj+(’l:—’l’j)ﬂA4L_'r—jli, TjSZSM: 1SJSN

Figure 5.6-c shows the lump position and its approximate size after implementing the

mentioned algorithm when M=N=7. Evidently, increasing the number of cells in both
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directions will enhance the quality of image. Figure 5.6-d, for instance, is the constructed

graphical image based on the same sensor’s output and enhancement of associated matrix

to M = 60 and N = 100.

5.5 Finite Element Simulations

Two finite element models were developed to analyze the prototyped graspers, using Ansys
software. The bulk soft tissue and the lumps were considered to be isotropic. In absence of
soft tissue, an elastomeric material supplied by 3M-Profom, was used and the mechanical
tests on the samples of the elastomeric, were carried out. Three identical samples were cut
out of a sheet (1/2 inch thickness) and using MCR 500 (Modular Compact Rhometer)
from Physica, Anton Paar; strain rate controlled (2 mm/sec) compression tests, were
performed on each sample. Using the area and the initial thickness of the specimens, the
data were converted to engineering stress and strain. The results of nine experiments
(three compression tests on each sample) were compared and a maximum error of 6%
was observed. In order to find the linear elastic Young’s modulus for the elastomeric,
the numerical values were averaged and the linear Young’s modulus was calculated and
used in the finite element models. The Young’s modulus of elastomeric was found to
be 25 kPa which is in the range of the values reported by Krouskop et. al [43] for the
typical soft tissues. The Young’s modulus of the lump was considered ten times more
than that of the tissue. However, as mentioned earlier, increasing the Young’s modulus
of the lump did not affect the results significantly. Consistent with the experiments,
the piezoelectric coefficients of the uniaxial, 28 ym PVDF films that were used in these
simulations were selected to be d3;=20 pC/N, d3;= 2 pC/N and d33=-18 pC/N as reported
by the manufacturer [112]. The output charges of the sensing elements for different cases
in which lumps with different diameters were positioned in different places were computed
and plotted. Figure 5.8 shows the finite element model in which one lump is embedded in

the soft material. For the first design, a distributed load was applied through the upper
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Figure 5.8: A view of the sectioned and meshed finite element model of soft object and the

embedded lump.

jaw and soft material was pressed against the lower sensing elements, whereas for the
second design two arrays of the sensing elements were considered at the top and bottom
surfaces of the object. The mized u-p formulation was used for the problem in which
the soft material was meshed using Solid187, a 3-D, 10-node element which has three
degrees of freedom Uy, U, and U, at each node and is suitable for hyperelastic and large
deformations problems. In order to model the piezoelectric PVDF, the Solid98 element
was used. This element is also a 10-node tetrahedral element with the capabilities of
piezoelectricity (and large deflections). When used in piezoelectric analysis, each node

has four degrees of freedom, U,, U, and U, and Volt.

5.6 Experiments

An experimental set up was used to generate’tactile information by the application of
known loads through the fabricated graspers to the soft object containing lump. The
graspers positioned under a probe which was equipped with a reference load cell, while
the soft object and lump were sandwiched between two jaws. The photographs of both
prototyped graspers, with one and two active jaws are shown in Figures 5.9-a, and 5.9-b,

respectively. Because the PVDF base sensing elements were prepared manually, initially
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the discrepancy between the output voltages for equal load was observed. To compensate
this disparity, a controllable coefficient for each sensing element was defined. Then using
homogenous elastomeric materials (without any inclusion) the output of the sensors were
identically adjusted. The output voltages of the sensing elements in both designs were
processed and according to the explained algorithm, graphically demonstrated. The soft
elastomeric material with known Young’s modulus was used as the bulk soft object and
metallic balls simulating the lumps with different sizes (3.9, 6.3 and 7 mm) were inserted
into the hollow spaces carved out of the bulk elastomeric. To change the depth of the
lumps, several layers of the elastomeric material were cut into same dimensions but differ-
ent thicknesses. The lumps were placed in one of the layers, so that the other elastomeric
layers were used as spacers to increase or decrease the distance of lump layer from the
top and bottom surfaces. A dynamic load was applied by the shaker that was driven by
a power amplifier and a signal generator, as shown in Figure 5.10. The outputs of the
sensors were fed into the connector box through the buffer electronics. The piezoelectric
PVDF can be considered as a voltage source with very high output impedance. Since the
DAQ needs the input impedance to be less than 100 k€2, a buffer was necessary to match
the impedance. The data was transferred to the computer, using the DAQ (NI PCI-6225).
The DAQ main amplifier was used in RSE (reference single ended) mode [158]. A low
pass filter with’a cut-off frequency of 40 Hz was used to remove the 60 Hz line noise. In
accordance with the explanation in Section 5.4, the processing algorithm was developed in
LabView environment for the graphical demonstration of the forces sensed by the sensor

elements.

5.7 Results and Discussion

The results of the finite element analysis as well as the graphical representations of tactile
information obtained from experimental cases are shown in Figures 5.11 and 5.12 for one

and two dimensional procedures, respectively.
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Figure 5.9: Photographs of the sensors under the test. (a) The sensor with one active jaw used
for construction of one dimension graphical images. (b) The sensor with two active jaws used

for two-dimension graphical rendering of detected lumps.

Each row in Figure 5.11 shows a scenario in which multiple lumps with different sizes
were inserted into the elastomeric bulk material. The left column in this figure illustrates
the geometrical information about the locations and size of the lumps that were placed
in the soft object. The middle column in Figure 5.11, is the one dimensional graphical
representation of the sensor’s outputs obtained from the experiments. The right column is
the normalized voltage response of the sensing elements obtained from the finite element
analysis. In the graphical representation in Figure 5.11-a (middle column), the dark
column 2 has the highest intensity, showing that the lump is located above this sensing
element. This can be compared with the intensity of the sensing elements 4 and 5 that
share a lump. For the latter elements, the maximum contact stress value occurs in a place
between the sensing elements 4 and 5. Therefore, each sensing element senses part of the
load and in comparison with the sensing element 2, shows lower amplitude. These two
elements also provide information about the size of the lump. If the middle lump was
large enough to cover both sensing elements, the result would be two completely dark
bands. Therefore, from the shown gray levels the approximate size of the middle lump

can be deduced. The difference observed between the outputs of the sensing elements 2
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Figure 5.10: Photograph of the experimental setup.

and 7 can be attributed to the edge effect on the latter element. The second case (Figure
5.11-.b) shows two identical lumps embedded above the sensing elements 2 and 5. The
similar output voltage and intensity can be seen in the graphical representation as well as
finite element analysis. In the third case (Figure 5.11-c) a larger lump is placed between
two smaller lumps. It is shown that the system is capable of detecting all three masses.
However the darker band associated with the sensing element 4, gives information on the
relative size of middle lump respect to the other ones. In the last case, (Figure 5.11-d),
a small lump had been positioned between two larger lumps. As can be seen from the
results, the sensor has not been able to detect the smaller mass. A closer examination
of finite element stress distribution shows that two larger lumps created a stress profile
between themselves in such a way that the effect of the small mass has been suppressed.
This figure demonstrates that for multiple lumps with different sizes and locations, to
obtain an accurate result more than one attempt and in different orientations might be

needed.
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Figure 5.11: The experimental and analytical results of four case study.

Alternatively, Figure 5.12, shows the results of three case studies in which both jaws
of the graspers were equipped with arrays of the sensing elements. Figure 5.12-a, demon-
strates a case in which two identical lumps were positioned close to the sensing elements 1
and 4 of upper jaw (1U and 4U), respecfively. The corresponding graphical image shows
clearly the place of the lumps. In addition, the gray level of image gives some information
about the size of the lumps. In the next configuration (Figure 11-b), lumps are positioned
apart in such a way that one lump is put beneath the sensing element 4U and the second
lump is placed above the sensing element 1L (slightly overlapped with sensing element
2L). The graphical image constructed based on the experimental sensor’s output is shown
in middle column of Figure 5.12-b, in which the place (in x and y directions) is clearly
extractable. The gray levels in this case can be compared with those of Figure 5.12-c, in
which the lumps positioned far from the sensing elements. Again the position and size of
lumps can be clearly perceived from the experimental data shown in the middle column.

The finite element results shown in the right column are consistent with the experimental
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Figure 5.12: The experimental and analytical results for two dimensional localization. Each row
illustrates the information of the studied case. In the right column, the dashed line represents
the output voltages of the lower array of the sensors, while the solid line is associated with the

upper jaw.

data in all three cases. However, implementation of this algorithm may produce gray ar-
eas in the middle of image in absence of any lump. To rectify this problem, an enhanced
algorithm is under process. , alternatively shows the results of four case studies in which
both jaws of the graspers were equipped with arrays of the sensing elements. Figure 5.12-
a, demonstrates a case in which two identical lumps were positioned close to the sensing
elements 1 and 4 of upper jaw (1U and 4U), respectively. The corresponding graphical
image shows clearly the place of the lumps. In addition, the gray level of image gives some
information about the size of the lumps. In the next configuration (Figure 5.12-b), lumps
are positioned apart in such a way that one lump is put beneath the sensing element 4U
and the second lump is placed above the sensing element 1L (slightly overlapped with
sensing element 2L). The graphical image constructed based on the experimental sensor’s
output is shown in middle column of Figure 5.12-b, in which the place (in x and y direc-

tions) is clearly extractable. The gray levels in this case can be compared with those of
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Figure 5.12-c, in which the lumps positioned far from the sensing elements. Again the
position and size of lumps can be clearly perceived from the experimental data shown in
the middle column. The finite element results shown in the right column are consistent
with the experimental data in all three cases. However, implementation of this algorithm

may produce gray areas in the middle of image in absence of any lump.

5.8 Conclusions

Despite an influential shortcoming of Minimally Invasive Sugary (MIS), which is the lack
of tactile feedback, it has increasingly been used in different surgical routines. Restoring
the missing tactile information, especially the tissue palpation, will be a significant en-
hancement in MIS capabilities. Tissue palpation is particularly important and commonly
used in locating the embedded lumps. The present study is inspired by this essential
limitation in MIS procedure and is aimed at developing a system to reconstruct the lost
palpation capability of surgeons in an effective way. Having collected necessary informa-
tion on the size and location of the hidden features using MIS graspers equipped with
tactile sensors, the information can be processed and graphically rendered to the surgeon.
Therefore, using the proposed system, surgeons can identify presence or absence, location
and approximate size of hidden lumps simply by grasping the target organ by smart endo-
scopic grasper. The results of the conducted experiments on the prototyped MIS graspers
represented by graphical images are compared with those of the finite element models.
A system for characterizing and rendering the hidden lumps in soft bulk objects is
presented. The proposed system is comprised of an endoscopic grasper equipped with
array(s) of tactile sensors, a signal processing unit, graphical rendering algorithm and a
graphical display. This setting potentially could be used for lump detection in laparo-
scopic surgery. Initially the required information has to be collected from the grasped
object. This task has been performed by using a multifunctional tactile sensor that had

already been developed. A unit of the utilized sensor is capable of measuring the ap-
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plied contact force as well as the softness of the grasped object. An array of this sensor
which is used in this study, is capable of reporting the location and size of the lump as
well. The output voltages of the sensing elements are buffered, digitized, filtered and
transmitted to a computer. Then through a rendering algorithm developed in LabView
environment, the tactile data were transformed to gray scale image and was displayed
on a monitor. The linear elastic modulus of an elastomeric material calculated from the
mechanical compression test and used in the finite element analysis. The results of finite
element analysis were compared with those of the corresponding conducted experiments.
It is shown that using one array of the sensing elements; it is possible to extract lump
information including size and longitudinal location. Whereas, using two sets of array of
sensors, the information on size, longitudinal position as well as depth of the lump in two
dimensions were obtained. The experiments on the prototyped graspers were conducted
and the data were graphically rendered on a display. Hard objects were inserted into pre-
determined positions in elastomeric and were grasped by the device and the experimental
results were compared with the known values. Graphical rendering of localized objects is
a feasible technique with great potential for use in MIS. Using this method a part of lost
tactile information which is the palpation, can be restored. This capability is useful not
only for MIS, but also for MIS robotic surgery and, in general, for robotic surgery. Other
anatomical features such as beating arteries potentially could be detected and graphically

rendered.
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Chapter 6

Design, Analysis, Fabrication and

Testing of MEMS Tactile Sensor

6.1 Introduction

MEMS devices are able to offer competitive advantages due to their batch fabrication
capabilities, small size, and improved functionality. They also have a reputation for being
low cost due to their IC roots. The incorporation of MEMS devices on surgical tools
represents one of the greatest growth area. The MEMS technology can improve surgical
outcomes, lower risk, and help control costs by providing surgeons with real-time data
about instrument force, performance, tissue density, temperature, as well as provide better
and faster methods of tissue preparation, grasping, cutting, and extraction[9].

In the previous chapters different subjects associated with the multifunctional tactile
sensor were described. In Chapter 2, the working principle and characterization of the
piezoelectric PVDF films as transducers were elaborated. Chapter 3 reported the basic
scheme of tactile sensor, design criteria and dynamic analysis of the proposed sensor. A
macro-size sensor using a metalic support and a flexible polystyrene beam were developed
and experiments were conducted. Chapter 4 discussed the tissue-Grasper interaction
and the effect of non-linear modeling of the tissue on the responses. In addition, the

effect of presence of a lump embedded in the bulky soft tissue on the stress distribution
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at the tissue-grasper interface was explained. Using the information of the developed
sensor in Chapter 4, a new method of presentation of tactile data was also reported in
Chapter 5. However, the ultimate objective is the integration of the proposed sensor with
the existing MIS graspers. To do this, the sensor must be miniaturized. Therefore, in
order to study the feasibility of miniaturizing the proposed sensor, this chapter describes
the microfabrication and testing of micro tactile sensor. In the following sections, the
sensor design and its geometry are explained. A finite element model of the designed
and microfabricated sensor is developed. To check the accuracy of the numerical model,
deflection profile for a given load is compared with that of closed form relationship. The
microfabrication steps are also explained and then the experimental results for softness

sensing are compared with the results of finite element model.

6.2 Sensor Design

The design and working concept of the sensor were described in Section 3.2 and shown
in Figure 3.2. The sensor consists of top and bottom parts. The bottom part, forms
the supports and is the base for the top part which consists of hanging beams. The
top part encompasses the clamped-clamped hanging beams which are used for softness
measurements. For softness sensing, the applied force as well as the resultant deformation
need to be recorded. The magnitude of applied load can be measured by piezoelectric
ﬁlms that are sandwiched between the top and bottom parts. However, to measure the
resulted deflection, PVDF films are attached to the beams. Figure 6.1 shows how this
sensor can be integrated with the MIS graspers.

A unit of the sensor, for instance, with 2, 3 or more beams can be considered as a
module. In the remaining of this chapter, to avoid unnecessary complexity, a design with
three teeth as shown in Figure 6.2, is considered. This module can then be repeated in
an array to cover the whole length (or width) of grasper. Figure 6.2 shows the backside

view of the top part of a sensing module with three sensing elements.
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Figure 6.1: A proposed design of the smart grasper in which the incorporation of microfabricated

sensor is presented.

Figure 6.2: Backside view of the sensor’s top part. The positions of the PVDF films and the

electrodes configurations are illustrated in this view.

Three PVDF films working in extensional mode (ds;), were hybrid attached to the
beams in order to measure the deflection of the beam. Two end support PVDF films,
working in the thickness mode (ds3), were sandwiched between top and bottom parts in
order to measure the total applied load.

To ensure a firm grasping, an ideal sensor should be corrugated which has been taken
into consideration for the current design. As mentioned in Chapter 5, it is possible to
have one sensorized jaw or to have both jawé sensorized. In the latter case the capability
of the sensor in locating hidden lumps will be increased. For the present study one jaw
was considered for sensor integration.

The dimensions of the sensor and particularly beams, should be determined for a given

135



range of force and softness for any specific application. Using a couple of parameters, the
desired working range or sensitivity of the sensor can be achieved. For instance, the length,
width and thickness of the beam can influence the load capacity of the sensor as well as
its sensitivity. The short and thick beams withstand higher loads but show less flexibility.
As a result, lower piezoelectric output would be obtained. Thin and long beams show
opposite behavior and are appropriate for delicate applications such as pulse detection.
Therefore, dimensions are application dependent and should be determined for each class
of applications. Another influential factor on determining the overall dimension of the
sensor is the dimensions of original grasper in which the sensor should be integrated. The
number of the hanging beams or sensing unit should also be determined in order to satisfy
the required spatial resolution.

In order to miniaturize the sensor suitable for integration with the existing MIS
graspers the manual techniques should be minimized and batch processing techniques
should be used. For instance, PVDF films must be deposited directly on the target areas.
However, since this technology was not available for the microfabrication of the sensor, we
had to choose the dimensions in such a way 'ghat pre-fabricated PVDF films could be cut
and placed on the designated areas. Figure 6.3 shows the dimensions that were consid-
ered for this work. The length and width of each beam are 7 mm and 2 mm, respectively.
Although a sensor with these dimensions can not be integrated into current MIS graspers,
the feasibility of sensor microfabrication, its difficulties and capabilities were studied in
this work. To have the maximum sensitivity and yet avoiding difficulties of working with
very thin silicon wafers, the thickness of silicon considered was 180 um.

The main advantage of using an array of the sensing module is to register the stress
distribution. The profile of stress distribution is specially meaningful when a disruptive
object is embedded in bulky soft tissue. As an important case, the impact of existence of

a lump on the stress distribution over the unit sensor was studied in Chapter 4.
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Figure 6.3: The scheme of top and bottom parts,(dimensions are in mm).
6.3 3D Finite Element Modeling

Before performing experiments on the sensor, a finite element modeling of MEMS sensor
was carried out. The results of the simulation helped understanding the behavior of sensor
under given loads and also the PVDF film response to the loadings. Figure 6.4 shows the

meshed model of the sensor. In order to reduce the number of elements, the bottom plate

Figure 6.4: The meshed FEM model of the MEMS tactile sensor.
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was substituted with only two supports. Since the bottom surface of the bottom part
was mechanically constrained, this simplification did not affect the results. This model
consisted of two end supports, top plate with three hanging beams and PVDF films which
were sandwiched between supports and top plate and also attached to the beams as shown
in Figure 6.2. The material properties of 180-um-thick silicon was considered to be E=130
GPa and v = 0.28 for the supports and top plate. The material properties of the 28-um-
thick PVDF films used in this model are taken from Goodfellow [112] and summarized
in Table 2.1 in Section 2.3. The SOLID92 and SOLID98 elements were used for the
structural (silicon) parts and the piezoelectric films, respectively. SOLID92 is a 3-D 10
node tetrahedral element which has three degrees of freedom at each node: translations
in the nodal x, y, and z directions. On the other hand SOLID98 is a tetrahedral element
with a quadratic displacement behavior and is defined by ten nodes with up to six degrees
of freedom at each node. When KEYOPT(1) = 3 ! the degrees of freedom are Uy, Uy, Uz
and VOLT. The governing constitutive equations for piezoelectric materials have already

been described in Chapter 2. Additional details are given in Appendix A.

!Some Ansys elements have additional options, known as KEYOPTs and are referred to as KEY-
OPT(1), KEYOPT(2), etc. For instance, here KEYOPT(1)=3 sets the type and number of degrees of
freedom of the element. KEYOPTSs can be specified using the ET command or the KEYOPT command.
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6.3.1 Simulation Results

To assess the accuracy of the finite element model, the response of the FEM was compared
to that of existing closed form relationship for clamped-clamped beams. As illustrated in
Figure 6.5, a distributed load was applied to the first beam and its two supports. The

deflection curve due to the distributed load of 111 kPa, is shown in Figure 6.6. This
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Figure 6.5: The deflected structure when a distributed load of 111 kPa was applied to the first

beam and its two supports.
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Figure 6.6: The deflection curve of first beam when a distributed load of 111 kPa is applied to
the beam and its two end supports. Solid line illustrates the result obtained from Equation 6.1,

while the squares indicate the FEM results.

figure also illustrates the result of theoretical analysis for a clamped-clamped beam under
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a distributed load which was obtained form the known formula :

y=15s EVI‘”Z 2Lz — L* — 2?) (6.1)
in which,
L : Beam length (m)
W : Total applied load (N)
E : Young’s modulus of the beam (N/m?)
I : Area moment of Inertia (m?)
x : Distance of point on the beam from the origin (here the left support)

It is worth to note that the cross section of the beams after microfabrication using
anisotropic wet etching were trapezoid. In order to compare the experimental results
with those of the closed form and FEM, the equivalent rectangular cross section was
modeled. It was found that the moment of inertia of a rectangular cross section with a
width of 2.12 mm and a thickness of 180 um is equal to the moment of inertia of the
etched cross section. This is shown in Figure 6.7. This equivalent moment of inertia

and cross section were used in closed form relationship and finite element model. For a

f=—2 mm — 2.12 mm
2.25 Thickness=180 micrometers
(a) (b)

Figure 6.7: (a) The actual cross section after anisotropic etching, (b) the equivalent rectangular
cross section used in closed form formula and finite element analysis. In both cases the thickness

was 180 um.

distributed load of 111 kPa, the output voltage of PVDF films associated with the first
beam were calculated. The output voltage of the middle PVDF film which is attached to

the beam was 680 mV. The calculated voltage for two supports were 85 mV. The equality

140



of voltages of two supports confirms that the applied load was uniform. For this loading
condition, no output voltage from the middle PVDF films associated with the second or
third beam was observed. In other words, simulation results show no cross talk between
sensor units due to mechanical load transferring. In the next simulation a soft material
was considered on top of the first beam and distributed load was applied to the object.
The Young’s modulus of the object then was varied between 10 kPa and 1 MPa. Figure

6.8 shows the modeling geometry and Table 6.1 summarizes the obtained results.

Figure 6.8: The finite element model of the sensor when a soft material is placed on the first

tooth and a uniform compressive load is applied.

Table 6.1 shows that the maximum deflection varies from 1 to 20 micrometer for a range
of Young’s modulus between 10 kPa to 1 MPa. The maximum o, and corresponding
PVDF output is also shown in this table.

The relationship between Young’s moduius of soft objects and the PVDF output is

depicted in Figure 6.9.

6.4 Sensor Fabrication

In order to fabricate the sensor, several process steps were used. The silicon parts, i.e. the
top and bottom parts, have to be micromachined. The PVDF films were cut into designed
dimensions and attached at their positions. This section describes different steps used in

the manufacturing of the sensor.
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Table 6.1: The maximum beam deflection at the center, Y.z, corresponding stress in x-
direction, o,, and the output voltage of the middle PVDF film, V,,;4 when Young’s modulus of

the contact object, Eqp; is varied between 0.01 MPa to 1 MPa.

Eov; (MPa) | Yiaz(um) | 0,(MPa) | Vipig (mV)
0.01 -20.4 78.6 170
0.05 -11.2 39.6 95.2
0.1 -7.2 22.8 61.2
0.5 -1.8 4.6 15.3
1 -1.0 24 8.5
180

z \

o

S

g 60

W

" \

g 0 . f

0.01 0.1 1

Young's Modulus (MPa)

Figure 6.9: The output of the middle PVDF film at constant pressure 111 kPa when the Young’s

modulus of the contact object is varied between 0.01 MPa and 1 MPa.

Both silicon parts of the sensor were micromachined using anisotropic wet etching. In
order to increase the sensitivity of the sensor, thickness of the beams was considered to
be less than 200 micrometers. As conventional 500 um silicon wafer would require an
extra 300 um back etching, a 180 pm-thick, 4-inch(100) silicon wafer was used for the
fabrication. Several designs with different number of beams were considered. The bottom
part, however, was the same for all designs. Figure 6.10 shows the steps of fabrication
procedure. A brief explanation of each step of silicon fabrication is schematically shown in

Figure 6.11. For simplicity, cross section of only one beam is shown. The same procedure
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1)

(2)

4

Figure 6.10: Process flow of micromachining process used for top and bottom parts.

was used for both silicon parts, however, only the TMAH etching (step 9) time was
different for bottom and top parts. More explanation on each step is given below. As the

first step, the silicon wafer was diced into required dimensions (18 mm x 18 mm).

6.4.1 Cleaning

As the first step of the fabrication process, silicon parts were cleaned in order to ensure
formation of a homogenous oxide layer. To remove any contamination from the silicon

parts, first a primary cleaning was performed. This was mainly for degreasing and dusts

removing.
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Legend mm Silicon Oxide
mam FPhoto Resist
Protection Layer

Step|  Description Specification Schematic
1 Pre-Cleaning 10 min in aceton in ultrasonic bath ::_l

10 min in iso-propanol

1 Cleaning 10 min@ Piranah
2 | Removing Oxide Layer 20 Second @ HF, 1%
3 | Wet Oxidation 20 min for 1000 A

4 -1 | Spin Coating of Photoresist | 30 Sec @ 4000 rpm

4 ., | Soft Baking 1 min @115°C

4_3 Exposure 5 second, a 270 Watts mercury lamp :
4.4 | Developing 1 min

4.5 | Hard Baking 30 min @ 105°C

5 Backside protection Using special scotch tape

6 | Oxide Layer Etching 2min in BOE, 7:1

7 Remove Backside protection

8 | Photoresist Strip off ig iﬁ::: ::: ?scoe-?::)panol in ultrasonic bath :::_':
O | TMAH etching TMAH 25% @90°C{ ;2 br & :’o‘i:t;:;tp“" 71
10 | Removing Oxide Layer 3 min in buffered HF @ room temperature | Y Y

11 | Wet Oxidation 20 min for 1000 & O]

Figure 6.11: The sequence of micromachining process summarized.

Precleaning

The samples are placed in a sample holder and immersed in Aceton ((CH3)2CO) for 10
minutes and then cleaned with Iso-propanol (CHsCHOH — CHj) for 10 minutes. To
accelerate the cleaning process, ultrasonic cleaning was applied at 20 kHz. The samples
were then rinsed with DI (Deionized) water and afterward were dried using compressed

nitrogen gas.
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Cleaning

To remove any contamination that could still have remained on the surface of the samples,
a commonly used Piranah solution(also known as Caro’s acid or Sulfuric Peroxide) [159]
was used. Piranah is a solution of Sulfuric Acid (H3504)-2 vol and Hydrogen Peroxide
30% (H20s)- 1 vol. This solution is exothermic and besides using safety equipments,
extra caution in working with hot containers must be exercised. Using a sample holder,
samples were put into the solution for 10 minutes.

Due to lightness of the samples, this process needed extra attention. This was because
of the bubbles that were produced in the reaction. The bubbles that ere stuck to the
surface of the samples, made them float. Therefore, a special cage-type sample holder
had to be used. After this step, the samples were rinsed in DI water and then dried in
nitrogen. Cleaning in Piranah solution creates a thin layer of oxide on the surface of
silicon which should be removed. The formation of oxide layer at this step can visually be
inspected. Using 1% Hydrofluoric acid (H F’) the oxide layer can be removed. 20 seconds

dip in solution of HF was enough to remove the silicon oxide layer.

6.4.2 Oxidation

After the cleaning process, a layer of thermal silicon oxide (Si02) was grown on the
surface of the (100) single crystal silicon samples. The oxide layer serves as the mask for
the subsequent anisotropic etching of the silicon. Thermal oxidation is a high temperature
process that can be accelerated using water vapor. The following reactions take place at

the silicon surface.

Si+ 0y = Si0; (6.2)
Si+2H,O0 = 8i0y + 2H, (6.3)
Thermally grown Si0; adheres firmly to the silicon substrate without crack or pores. The

furnace (Model RCA from Thermco) was used for this wet oxidation process. Although

the main oxidation was wet, at the beginning and end of the process, short periods of
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dry oxidation were used. The furnaces were a stack of 3 horizontal furnaces used for
annealing and oxidation of 4” silicon wafers, as well as smaller silicon samples. First of
all, the furnace set point was increased to the desired temperature, 1100 °C. While the
temperature rose, the bubbler was prepared. The bubbler was rinsed three times with
DI water. It was then filled about 2/3 full with DI water and 10% Vol HCL was added
in order to accelerate the oxidation process. Ten to fifteen minutes before loading the
samples into the furnace, the heater for the bubbler was switched on. The temperature
of bubbler was set to 95°C'. The samples were put in a glass rack and kept inside the
furnace tube. The first sample normally is a dummy sample as it faces the stream flow
and the obtained silicon oxide might not be as uniform as it is desired. In the warm
up period, N, was connected to the chamber in order to prevent any unwanted reaction
during the warm up. This flow also cleans the chamber and helps create a uniform heat
distribution by creating a circulation. After reaching the set temperature, the oxidation
process was started by disconnecting the Ny and connecting dry O,. The dry oxygen flow
was continued for 5 minutes. This was because, dry oxidation creates a uniform and very
adhesive sublayer. Then the Oxygen flow was redirected through the bubbler which had
reached to the boiling point and began to evaporate. To achieve 1000 A° oxide thickness,
20 minute wet oxidation was enough. The bubbler was then bypassed and dry Oxygen
was again connected directly to the chamber. After 5 minutes dry oxidation, the furnace
was turned off. In the cooling down phase, oxygen flow was replaced with N;. In order
to prevent any thermal shock, samples were gradually removed from the furnace at about

400 °C.

6.4.3 Lithography

Patterning silicon oxide layer was carried out through a standard lithography procedure,
including photoresist spinning, soft baking, exposer with ultraviolet light, development
and finally hard baking. The designed layout of the mask that was used for the patterning

is shown in Figure 6.12.
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Figure 6.12: The mask patterns used for the lithography process. While the bottom left pattern
is the the one that was used for bottom part (supports), the other three patterns were used to

fabricate top parts with 1,3 and 4 hanging beams.
Spin Coating

In order to apply a positive photoresist( S 1813 from Shipley) a conventional spinner was
used. The duration of 30 seconds at 4000 rpm (acceleration 450 rpm/sec) was selected
for this work. This combination was suitable to produce a uniform photoresist layer with

a thickness of about 1.6 um.

Soft Baking

Immediately after the samples were spin coated, they were placed on a hotplate. Using a
vacuum line, hard contact between samples and hotplate was created. The temperature

of hotplate was set at 115 °C and samples were baked for 1 min.

Exposure

To transfer the mask pattern to the photoresist, a conventional mask aligner (Karl Suss
MAG) was used. The exposure time was selected to be 5 seconds while a 270 Watts

Mercury lamp (in soft contact mode) was used.
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Developing

For the developing step, the samples were developed with photoresist developer (MF-319
from Shipley) for about 1 minute at room temperature while agitated. After developing,
samples were inspected under a microscope to detect any probable defects. The picture

of some of the samples after developing step is shown in Figure 6.13.

Figure 6.13: The samples after development process.

Hard Bake

In order to reinforce the photoresist for subsequent etching process a hard baking step is
required. For hard baking, samples were heated in an oven for 30 min at a temperature

of 105 °C.

6.4.4 Oxide layer etching

The conventional etchant for SiO, is BOE (Buffered Oxide Etch). BOE is a mixture of
hydrofluoric acid, HF (one volume part)? and ammonium fluoride, N H4F' (six or seven

volume parts). BOE with an etch rate of approximately 1000 A° min~! at room temper-

2HF with PH=1 is extremely dangerous and must be treated cautiously. Before working with the

chemicals, reading the associated MSDS is highly recommended.
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ature is a selective etchant for oxide. It would not etch silicon, so the removal of oxide
layer from a silicon crystal is self-limiting. Nevertheless, HF attacks photoresist to some
extent, although the addition of ammonium flouride reduces this effect. When end-point
detection is required over silicon, we can make use of the wetting properties of silicon and
of oxide. Oxide is hydrophilic and is easily wetted by water. Silicon, on the other hand,
is hydrophobic and repels water. Therefore, a completely etched silicon substrate, dipped
in water, will shed the water instantly when removed. By contrast, a substrate with even
a very thin layer of oxide on the surface will remain wet.

In order to protect the back side of the samples, a special tape was used. Using a
solution of BOE (7:1), two minutes was enough for etching the oxide layer. After rinsing
in DI water another inspection by microscope was done. In case of observing residuals of
Si0y the BOE etching can be repeated. The photoresist layer as well as the protective

tapes then were removed in acetone.

6.4.5 Tetramethylammonium Hydroxide, TMAH Etching

One of the conventional anisotropic wet etchant for silicon is tetramethylammonium hy-
droxide (TMAH). The solution used for this work was TMAH 25 % from Moses Lake
Industries. As shown in Figure 6.14, a water bath (from VWR Scientific, Model 1235
PC) was used to control the temperature of TMAH. To maintain the temperature of
TMAH at 90 °C, the temperature of the water was set on 95 °C. A condenser at the
top of container prevented evaporation of TMAH at this temperature. The condenser
was kept cool by circulating water at a flow rate of about 1 lit/min. The samples were
put on a sample holder and inserted into the container. The previous characterization
tests showed that, etch rates of silicon and thermal oxide are equal to 0.670 um/min and
1.15 A°/min. Therefore, to etch 180 micrometer of silicon (<100> direction), four and
half hours was required. As mentioned before, the sensor consists of two parts. One part
which serves as support, was etched for 1.5 hour to obtain an etch depth of 60 pm while

the top parts were maintained in TMAH for four and half hours to etch through and
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Figure 6.14: The TMAH etching setup used for micromachining.

release the hanging beams. Figure 6.15 shows samples of the etched parts in which (a) is
the top part with three beams and (b) is the support.

Due to silicon under etch in TMAH etching, the existing oxide layer in the edges
showed some irregularities. To achieve a uniform surface it was decided to remove all
existing oxide layer and repeat the oxidation step at the end. In this way a uniform and
smooth surface of oxide layer was grown on the wafers.

To remove the oxide layer the samples were treated as stated in Section 6.4.4, then
the process of wet oxidation as explained in Section 6.4.2 was repeated. Figures 6.16 and
6.17 show the SEM (Scanning Electron Micrograph)of the fabricated parts. Figure 6.16
shows the void between two beams while Figure 6.17 illustrates a beam and its support.
The {111} planes which are at the angle 54.7° with (100) plane can also be seen in Figure
6.16.
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Figure 6.15: Some samples of micromachined silicones are shown.
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R
0.7kV 8.4mm x30 SE(L) 2/2 1.00mm

Figure 6.16: A micromachined beam and a support. (The (100) plane, which is parallel to the

paper is shown. The {111} planes which make two sides of the beam are also illustrated).
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Figure 6.17: The void space between two adjacent beams.
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6.4.6 Sensor Assembly

Using the silicon micromachined parts a complete sensing module was hybrid assembled
using PVDF films. As mentioned earlier, five PVDF films were used, two of which for
supports and the other three for the beams. A 28 um thick, uniaxial and metalised
PVDF film was used from which two 22 x 4 mm film was cut in such a way that the
drawn direction of the film was parallel to the film length. (refer to Figure 6.2 in which
arrows show the drawn direction). This was done to minimize the output of the PVDF
films at the supports due to any unwanted load and maximize the sensitivity of the output
to the compressive load only as explained in Section 3.3. These two films were glued to
the top of the supports. From 22 mm length, 18 mm was the active area and 4 mm was
used to connect the electrodes. Electrodes were cut from a thin copper foil and adhered
to the PVDF films using conductive glue. For the suspended beams three 2 x 12 mm
PVDF films were used. The films were cut in such a way that the drawn direction was in
line with the PVDF film length. A picture from the backside of the top part is shown in

Figure 6.18. After connecting electrodes to the films, they were glued to the top silicon

silicon

PVDF films
attached to
beams

PVDF films
at Supports

Figure 6.18: The top part of the sensor. PVDF film at the supports and attached to the beams

are shown. The direction of the PVDF films are also shown.

part. The wiring of these three films were passed through the empty space between the
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top and bottom parts. Finally there were 10 wires each pair belonged to one sensing
element. Then the top part on which all the PVDF films were adhered was glued to the
bottom silicon part and then for subsequent testing, the assembled sensor system was

placed in a plexiglass block. The hybrid assembled MEMS sensor is shown in Figure 6.19.

i [esting Probe

Supports

Figure 6.19: The macromachined tactile sensor.

6.5 Testing & Validation: Softness Characterization

In order to validate the simulation results, a softens sensing experiment was conducted
on the microfabricated sensor. Prior to conducting the softness tests it was required to
estimate the softness of test objects. In addition, to have an accurate method compared
to conventional qualitative and heuristic approach which the test objects are labeled
in terms very soft, soft, etc an additional quantification technique is used. Durometer
(Shore) softness is one of the most commonly used hardness/softness tests for elastomeric
materials. The successful application of durometers in mechanical property evaluation of
soft tissue such as skin is reported by Falanga et al. [160]. The measurement of elasticity
of tumors surrounded by soft tissue is reported in [161] and the range of elasticity of breast
tumors was found to be between 150-990 kPa. Durometer gauge measures the depth of

surface penetration of an indenter of a given geometry. Since both force and deflection
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are measured, durometer is typically used as a stiffness indicator. Figure 6.20 shows the
working concept of a typical durometer. When durometer is pressed against a soft object,
depends on the softness of the object, the calibrated spring is compressed. The softness
number then can be read from a dial connected to the spring. The shape of indenter tip is

different and it depends on the type of durometer. The durometer hardness test is defined

Figure 6.20: A picture of durometer used in this study.

by ASTM D 2240 which covers seven types of durometers: A,B, C, D, DO, O and OO [162].
Table 6.2 summarizes the overall information about durometers A and OO types that are

used in this study. In this group, type OO is considered for the measurement of very

Table 6.2: General specifications of durometers type A and OO.

Scale of Material Main Indenter
Durometer To be used Spring Shape
Soft elastomeric materials, Flat cone
A rubber and rubber-like 822 gr point, 35°
00 Light Foams, sponge rubber and animal tissue | 113 gr | Sphere 3/32”

soft materials. As shown in Figure 6.21 commercially available durometer test consists of
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four components according to ASTM D 2240: Presser foot, indenter extension indicating
device (e.g. dial), and calibrated spring. The scale reading is proportional to the indenter

movement. The soft material samples were measured using standard durometers type

Figure 6.21: Durometer type OO.

OO and A. In addition, the compressive Young’s modulus of the objects for small strains
(< 10%) were measured using a conventional compression test. The relationship between
durometer dial reading and Young’s modulus of the objects is shown in Figure 6.22. The
Young’s modulus of the harder object was measured as 6 M Pa. The objects were then
used to test microfabricated sensor for softness sensing. The experimental setup used for
this testing has already been described in 3.5. Figure 6.23 shows the MEMS sensor under
test with electrodynamic shaker for applying dynamic loads. The soft objects were placed
on the first beam. Then a compressive load was applied on to the top surface of the
objects using a rigid plate at the end of probe in order to mimic the grasping condition.
Then the output of the PVDF films attached to all the three beams were recorded and
compared. Four samples were tested. Three of them were considered as soft objects and
the last one was considered as medium-hard object. In contrast to the finite element
results a moderate cross-talk between 3 channels were observed. This cross-talk can be

attributed to both mechanical and electrical phenomena. The dynamic force applied to
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Figure 6.22: Durometer dial reading scale OO versus Young’s modulus of soft objects are
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Figure 6.23: MEMS sensor being tested using a electrodynamic shaker.
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a beam can induce some vibration into adjacent beams which causes some output from
other channels. On the other hand, each sensing element had two electrodes and their
associated wires, therefore 10 wires had to be used that could potentially affect the other
channels. Figure 6.24 shows the output of the middle PVDF films for three different soft
objects with softness number 10, 43 and 70 in Shore OO scale when a distributed load
of 111 kPa was applied at 20 Hz. The resﬁlts of finite element model solved for these
material properties are also added to the figure for comparison. As mentioned earlier,
some level of cross-talk was observed, recorded and shown in Figure 6.25. Similar to the
previous test a sinusoidal distributed load at 20 Hz was applied to the first beam and
this time the output of all beams were recorded. The results show that even when no
load is applied to the second and third beams, there exist output voltage in the other
two channels. The existence of a lump within the soft object would cause a point load.
Chapter 5 demonstrates the capabilities of millimeter-size sensor in detecting point loads
and their locations. Similarly, the micromachined sensor array potentially is capable of

lump detection.
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Figure 6.24: Durometer dial reading scale OO versus Young’s modulus of soft objects are

plotted.
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6.6 Discussion and Conclusions

The feasibility of microfabrication of the proposed sensor is demonstrated. Using anisotropic
wet etching the silicon parts of the sensor were fabricated. Although, the thinness of the
wafer created some difficulties, it was shown that the fabrication procedure is workable.
Even though the sensor has been fabricated with hybrid integration of commercial PVDF
films, developing specific methods for deposition of PVDF through monolithic integra-
tion is crucial in further miniaturization of the sensor. The developed 3D finite element
model was shown to be accurate. The sensor voltage output for materials with Young’s
modulus between 10 kPa and 1 MPa were also presented. Even though, no cross talk
between sensing units was observed in theoretical analysis, some cross talk was observed
in testing due to vibration transmission and also electrical cross talk. Using durometer
Shore OO, several elastomeric materials were characterized and then were tested with
the MEMS sensor. The PVDF output voltages obtained from the experiments were in
good agreement with those of finite element model. The range of Young’s modulus used
for this study was between 50 and 280 kPa corresponding to the softness number of 10

to 70 in Shore OO. A single material with Young’s modulus 6 MPa and corresponding
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softness number 90 in Shore A was also used in the experiments. It is shown that the
fabricated MEMS sensor is capable of measuring the softness. As explained in Chapter 4,
any hidden lump in bulky soft tissue would cause a concentrated load superimposed with
the background distributed load. This point load affects the output voltage of middle
PVDF film. In addition, in the presence of a lump the output of PVDF at supports
would be different. In a sensor array, the the outputs that are influenced by the lump can
be compared with the outputs of a sensing unit with no lump. This comparison gives us

valuable information about the size and position of the lump.
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Chapter 7

Summary, Conclusions,
Contributions and Proposed Future

Work

7.1 Summary and Conclusions

Minimally invasive surgery has grown rapidly over the past two decades. Its promising
results have encouraged many researchers to work towards enhancement of this technology.
Among several shortcomings, sever restrictions on surgeon’s tactile capabilities has been
the focus of the present study. History of medical devices shows that retrofitting existing
surgical tools is the preferred method in enhancement of an exciting medical devices,
as it is a faster path to market and also more acceptable for doctors who are familiar
with their applications and use. As a result, the approach would be to add the tactile
sensing capability to existing MIS tools. Consequently, several tactile sensors have been
developed to restore the tactile capabilities of the surgeons. However, a multifunctional
sensor capable of replicateing all of the capabilities of human finger has not been devised
and prototyped. A good candidate would be a sensor with the following specifications:

biocompatibility, firm grasping,force sensing, softness sensing, force position detection,
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good working range, miniaturization capability, less expensive, sterilizable or disposable,
simple structure, durable and less wiring.

This thesis has tried to take one step forward to address the above mentioned require-
ments of MIS technique by introducing a novel method for softness sensing and devising
a multifunctional tactile sensor which addresses many of the requirements of an ideal
MIS endoscopic tactile sensor. The materials used in this design, such as silicon and
piezoelectric PVDF films have already been used in biomedical applications. The sensor
is designed in such a way that its geometry is a corrugate shape to enhance grasping.
In Chapter 3, it is shown that the proposed sensor is capable of measuring the applied
load. In addition, it was shown that the sensor differentiates grasped objects based on
their softnesses. Another useful feature is the capability to find position of a concentrated
load. The later capability is important particularly in finding the hidden anatomical ob-
jects, such as lumps or arteries. Presence of a lump within a bulky soft tissue influences
the stress distribution within the grasped object and at the tissue-grasper interface which
is described in Chapter 4. This chapter also demonstrates the capability of a sensor in
extracting some useful information about the embedded lump from the stress profile that
appears at the sensor surface. The sensor design also has the ability to change the working
range of sensor in terms of force or softness. By changing the dimensions of beams, such
as, thickness and length, as well as the thickness of the PVDF films the working range of
sensor can be optimized further for any specific application. Chapter 6 of this dissertation
is dedicated to microfabrication of sensor using MEMS technology. This chapter shows
that MEMS technology is quite feasible for developing the sensor. The microfabrication
of the sensor was achieved using anisotropic wet etching of silicon, which is a standard
procedure in MEMS technology. Although this study does not address the sterilization
problems, sensor can be sterilized using ETO (ethylene oxide), which is very common for
sterilization of similar products. On the other hand the idea of disposable grasper tip
is also workable. In this application, sensorized tip can be designed in such a way that

after each surgery it can be detached from MIS tool and disposed. Using of piezoelectric
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PVDF has made the sensor suitable for medical applications, as it does not need any
driving unit. The piezoelectric PVDF produces charge when it strained and this charge
can be detected by a embedded charge amplifier, Chapter 2 of this document is dedicated
to characterization of piezoelectric PVDF which later has been used through out this
research work. In addition, for completeness, a new method to feedback the extracted
tactile information to surgeon is presented in Chapter 5. This chapter particularly is
dedicated to graphical representation of localized lumps.

On summary, a novel technique for softness sensing is introduced in this thesis. The
piezoelectric PVDF as sensing element is also tested and characterized. The uniaxial and
biaxial PVDF films are selected for design and the influence of orthotropic property of
uniaxial PVDF is investigated. In addition, the effect of friction on the PVDF output is
also investigated. The latter investigation was found to be potentially useful in finding the
friction coefficient of surfaces. It is shown that the proposed method is specially suitable
for low friction coefficients. A macro size sensor was fabricated and the feasibility of
working concept was demonstrated. Since experiment on human or animal soft tissue was
not possible, elastomeric materials which exhibit many characteristics of soft tissue were
used in this study. The theoretical approach including closed form dynamic formulation
and finite element method were shown to be in good agreement with the outcome of the
experiments. The nonlinear properties of soft objects which affects the output of sensor
is discussed in Chapter 4. A graphical representation method to display the information
of a localized lump is presented in Chapter 5. The microfabrication of sensor as well as
its finite element model and experimental tests are presented in Chapter 6. Summary of

thesis, contributions and suggestions for future work are discussed in Chapter 7.

162



7.2 Contributions

This thesis presents studies regarding the tactile sensing for minimally invasive surgery. To
the best knowledge of the author the followings are several novel and original contributions

to the field:

1. The orthotropic properties of uniaxial and biaxial films are characterized.

2. The performance of PVDF films in sandwich configurations in presence of friction
is characterized. The outcome of this study also opens a new avenue for a novel

technique to measure the coefficient of friction of a surface.
3. A novel method for softness sensing is introduced.

4. It is shown that the proposed sensor is a multifunctional tactile sensor capable of

measuring force, force position, softness and lump detection.

5. A nonlinear hyperelastic model of the grasped tissue with an embedded lump is
developed and the influence of the lump parameters, such as, size, depth and stiffness

is studied.

6. A novel technique of representing tactile information to the surgeon is devised. In
this graphical approach, the sensor gathers the tactile information and then feeds

back to the surgeon using the developed algorithm.

7. The proposed sensor is miniaturized through micromachining. In addition to the
micromachining, the finite element analysis and testing of MEMS sensor are also

presented.

Some of the original contributions of this thesis are published [78, 124, 119, accepted [163,

164, 163] or is submitted for publication as follows:

e Sokhanvar S, Dargahi J and Packirisamy M,” Nonlinear Modeling and Experimental
Evaluation of Soft Tissue Embedded Lumps for MIS Applications”, submitted to
the Journal of Biomechanical Engineering, ASME (Ref: BIO-07-1079, Mar 2007).
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7.3 Proposed Future Work

As explained earlier, this thesis presented a novel method of softness sending and feasibility
of the proposed method both in macro and micro sizes. However, the ultimate objective
of this work would be prototyping a commercializable smart grasper for MIS applications.
In order to achieve this goal, a couple of improvements are suggested. It should start from
operating room where the exact needs of surgeons, limitations, concerns and expectations
should be recorded and transformed into engineering format. These include designating
the target MIS tools, and the types of tissues and range of applied forces. The properties
of the target tissues for each specific operation, should be characterized. On the other
hand the dimensions of selected MIS tools must be used in the sign of sensor modules.
Using monolithic techniques, PVDF could be deposited onto micro-sized areas. This
method ensures that all sensing elements in an array would perform identically. The
electrodes can also be connected to the PVDF films using microfabrication techniques.
One of important issues in developing such a grasper is testing and calibration. The
grasper should be tested in in-vivo conditions as well as ez-vivo setup. Signal processing
is a key part of the device. The responses of the device to different tissues and to exitance
of a lump must be recorded and analyzed. Using the information gathered at this stage
a database (or knowledge base) can be provided. Then, in real applications, the sensor’s
output would be interpreted using the stored database. Eventually, this information
should be introduced to the surgeon in an effective way. One such way, namely graphical
rendering of tactile information, is presented in this thesis. The other important issues
in the continuation of this work are sterilization and packaging. The grasper should be
design in a way that can be easily sterilized, for instance using ethylene oxide. Any kind
of packaging would probably change the performance of the smart grasper, and must be
considered in design and testing stages. An interesting and challenging continuation would

be monolithic integration of piezoelectric layer with silicon for further miniaturization.
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Appendix A

Piezoelectric governing equations

The constitutive equations of PVDF is taken from the constitutive equations governing
the crystals in general. Therefore, first the constitutive equations of crystals are discussed
and then the equations are tailored for the PVDF and also for the sensing applications

which is the concern of this study.

Constitutive Equations of the Crystals

The constitutive equations for a crystal encompass the mechanical, electrical and thermal
properties of a crystal. The relations between these properties are illustrated by the
diagram in Figures A.1 and A.2 [89]. In the three outer corners, stress oy;, electric
field E;, and temperature T are normally chosen ‘as ‘independent variables and all may be
thought of as "forces” applied to the crystal. Alternatively, in the three corresponding
inner corners, appear entropy per unit volume S, electric displacement D; and strain e,
which are the direct results of theses ”forces” can be considered as dependent variables.
The relations between these pairs of corners (shown by thick lines) are sometimes called

principal effects:
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Figure A.1: The relations between mechanical, electrical and thermal properties of a crystal.

The names of the effects are shown. The tensor rank of each variable is shown in round brackets

and the rank of the properties in square brackets [89).
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Figure A.2: The relations between mechanical, electrical and thermal properties of a crystal.

The symbols corresponding to each variable and properties are illustrated [89].
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1. An increase of temperature produces a change of entropy thus considering a unit

volume;:

dS = (C/T)dT (A-1)

where C (a scalar) is the heat capacity per unit volume, and T is the absolute

temperature.

2. A small change of Electric field dFE; produces a change of electric displacement

dD; according to the equation:
dDz = Kij dEJ (A—Q)
where £;; is the permittivity tensor.

3. A small change of stress doy produces a change of strain de;; according to the
equation:

dfij = Sijkl dO’kl (A-3)

where s;;,; are the elastic compliances.

Figures A.1 and A.2 also illustrate the relations that are called coupled effects. These
are denoted by the lines joining pairs of points which are not both at the same corner.
Consider for instance, the two diagonal lines at the bottom of the diagram. One shows
thermal expansion, the strain produced by a change of temperature, while the other
shows the piezocaloric effect, that is, the entropy (heat) produced by a stress. These
coupled effects connect scalars with second-rank tensors, and are therefore themselves to

be specified by second-rank tensors. For instance, for thermal expansion, the relation is:
déij = Q5 dT (A—4)

The piezoelectric coupled effects are shown on the left of the diagram. The direct piezo-

electric effect is given in differential form by:
dP; = dyji dojy (A-5)
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since D; = koE; + P; then dP; = dD; — kodE;. Therefore, if the electric field in the crystal

is held constant, dP; = dD; and we may write A-5 as:
dD; = diji doyx, ~ (E constant) (A-6)

The converse piezoelectric effect is the relation between electric filed and strain (see Fig-
ures A.1 and A.2). Since these coupled filed relate a first-rank tensor (E; or D;) with
a second-rank tensor (o;; or ¢;), they are themselves given by third-rank tensors. The
coupled effects on the right of the diagram are concerned with pyroelectricity. They all
connect a vector (D; or E;) with a scalar (S or T), and therefore expressed by first-rank

tensors. The equation for the pyroelectric effect may be written as:
dP, = p; dT (A7)

where p; are the pyroelectric coefficient of the crystal. With the assumption of constant
electric field, we have:

dD; =p; dT (E Constant) (A-8)

The pyroelectricity effect sometimes is categorized into primary and secondary pyroelec-
tricity. If during the heating a crystal, its shape and size are held fixed (Crystal clamped),
it is called primary effect. On the contrary, the crystal may be released so that thermal ex-
pansion can occur quite freely. In this case an extra effect can be observed that is referred
to as secondary pyroelectricity. The magnitude of the effects observed in the two exper-
iments would be different. Indeed what is observed in the later condition is the primary
effect plus the additional component of secondary effects. This phenomena is not limited
to the pyroelectricity and similar discussion could equally well be given of secondary ther-
mal expansion, or secondary piezoelectricity, if the magnitude of these effects warranted
it. Normally the set of o (stress), E (electric filed) and T (temperature) are considered
as independent variable, while e (strain), D (electric displacement) and S (entropy) are
dependent variables. However other alternatives are also possible. Therefore, the general

form of linear (first-order effects) constitutive equations for a piezoelectric crystal are in
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the following form:

€5 = sg’,gl’(fkl + d%;jEk -+ OzfjAT (A—g)
D; = dio5 + kT E; + p AT (A-10)
AS = ooy + p{ E; + (C7F /T)AT (A-11)
where :
€ij : Second rank strain tensor
Sijit  + Forth rank elastic compliance tensor
gi; : Second rank stress tensor

dijx 1 Third rank piezoelectric coefficient tensor (direct and converse effects)
E;  : First rank electric field tensor
o : Second rank thermal coefficients tensor

(thermal expansion and piezocaloric effects)

AT . Zero rank temperature tensor

D; : First rank electrical displacement
ki; @ Second rank permittivity tensor
Di : First rank pyroelectric coefficients tensor

(pyroelectricity and electrocaloric effects)

(C/T): Zero rank heat capacity tensor.

The subscript 4, j, k,[ take values between 1 and 3. The superscript £ means that the
material property, for instance the elastic compliance is measured under the constant
electric filed (short-circuit condition), and 7" means the material property, for instance
the dielectric constant is measured under the constant stress. In general, there are 3"
independent components for each tensor of rank n. For instance, piezoelectric coefficient
matrix (rank 3) and elastic compliance matrix (rank 4) have 27 and 81 independent
components, respectively. However, since d,;; are symmetric in j and k, s;;;; are symmetric
in 7 and j,k and [ respectively, independent components can be reduced. For a given

piezoelectric material, the number of independent parameters can be further reduced,
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using symmetry relations in the material. For instance, the piezoelectric PVDF which
is the focus of this section, is classified under Orthorhombic system, class mm2 (or Cy,)
among 32 defined crystal classes. The number of independent variables which are required

for this class is depicted in Figure A.3. To avoid unnecessary complexity of dealing with

E AT

22

Figure A.3: The number of independent variables for mm2 class. The darker circles show

non-zero components,

temperature change and its effects, normally the experiments are done in a constant
temperature. In this case the third terms of Equations A-9 through A-11 are zero. In
many applications the changes of entropy is negligible and can be ignored. For instance,

in majority of sensing and actuating problems only the first two equations are used:

€5 = Sgﬁokl + dfijEk (A—12)
D; = dlyo + k5 E; (A-13)

For the sensing applications and in the absence of electric filed these relations are even
further reduced to:

fij = 85;3;0’;61 (A-14)

D; = d,0 (A-15)
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For the Uniazially drawn PVDF!, the d;; and s;; and € matrices have the following form

[120]

s11 S12 S13 O

S13 So3 s3z O

0
S12 S22 s3 0 O
0
(A-16)
0

d=]10 0 0 dy 0 0 (A-17)

0 0 €33

The integral of electrical displacement over the body surface gives the charge. For a
piezoelectric film (including PVDF), the only practical surface that charge @ can be
collected is the surface of the film (Thickness direction). Therefore for a PVDF film in
sensing applications (electrical filed is negligible), considering A-17, expansion of A-15
arrives at:

Qs = d3101 + d3202 + d3303 (A-18)

A-1 The IEEE Notations

Another popular alternative form of Equations A-9 and A-10 (when change in temperature~

0) is suggested by IEEE which is also adopted by Ansys:

E
ijleIcl - ekijEk (A-19)
l)i == e,-le’kz + 8ijk

Ty =c

1¥or definition see Section 1.6
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where

Ti;  : stress components, (o;; is adopted in this document)

Cijiw  : strain components

ekij : piezoelectric coefficients
E; . electric filed components
D;  : electric displacement components
Eij : permittivity components

Implementing a compressed matrix notation, the above equation can be expressed in
a more familiar form. This matrix notation consists of replacing ¢j or kl by p or g,
where i, 7, k and [ take the values 1, 2,3 and p, ¢ take the values 1, 2, .., 6 according to the

Table A.1 . Then c;u, es and Ti; can be replaced by cpq, €;p and T, respectively. The

Table A.1: Conversion table for replacing tensor indices with matrix indices.

ijorkl |porg
11 1
22 2
33 3
23 or 32 4
31 or 13 )
12 or 21 6

constitutive equations A-19 can be written as:

—
Tp = cpqu - ekak

(A-20)
D; = €4S, + €5, Ex,
where S;; = S, wheni=j,p=1,2,3 and
25, =8, wheni#j,p=4,5,6.
In the matrix format it can be written [130}:
{T}ex1 = [clexe1S}ex1 — lelexa{ E}ax1 (A-21)

191



{D}ex1 = [elsue{S}ex1 + [eloxs{ E}ax1 (A-22)

Normally the units are:[e] : pC/m?, [c] : N/m? and [d]:pC/N 2.

Typical set of data for the piezoelectric analysis is the set of [e], [c]and[e®] or the set
of [d], [s] and [eT] where [¢°] is the dielectric permittivity matrix at constant strain while
[€T] is the dielectric permittivity matrix at constant stress and the following relationships

can be found between them:

(] =[] = [e]"[d] (A-23)

The orthotropic dielectric matrix [e] uses the electrical permittivity and the following

values for the dielectric permittivity matrix at constant stress are used in this study

(166, 167):
735 0 0
=] 0 927 o
0 0 805

The following values are used in this study [166, 167]:

The piezoelectric strain matrix [d](pC/N)

00 0 0 dys O
=100 0 dy 0 O
20 2 -18 0 0 O

2Recall from Section 1.6 that D = d ¢ and € = d* E (relationship 1.1), where d is the piezoelectric
coefficient, o is the stress, D the electric displacement and E electric fleld. On the other hand the stress
strain are related by: ¢ = c € or alternatively ¢ = s o where ¢ and s are the elastic stiffness and compliance
matrices, respectively. The matrix d is called piezoelectric strain matriz as it initially relates mechanical
strain to the electric field. In addition, from € = d© E we can write ce = cd? F and then using the Hook’s
relation: o = eE. Therefore, the piezoelectric matrix can also be defined in [e] form (piezoelectric stress

matriz, since it relates the electrical field with stress) where the relationship between them can be defined

as: [e] = [d][d]
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The stiffness matrix [c|(Gpa) are used as:

[ 4.7 292 214 O 0
243 483 199 0 0
220 238 460 O 0

0 0 0 0 0.104

0
0
0
0 0 0 0106 O 0
0
6

0 0 0 0 0 266]

Throughout this document, for two dimensional analysis, unless otherwise stated, the
data provided by the manufacturer, Goodfellow, for the uniaxial and biaxial PVDF film

(see table 2.1 in Section 2.3 ) were used.
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Appendix B

Transverse Vibration of Beams

Transverse vibration of a prismatic beam in the x-y plane is shown in Figure B.1-a, in
which symbol y represent the transverse displacement of a typical segment of the beam,
located at the distance x from the left-hand end. Figure B.1-b, shows a free-body diagram
of an element of length dx with internal and inertial actions upon it.

When the beam is vibration transversely, the dynamic equilibrium for forces in the y

y
y
(@ o0 N X
X le— dX
]
Aqx Y
P dr‘a?
(b) M <V c‘) l > M+ ZM dx
3V
+ 3V gx
dx v ax

Figure B.1: Schematic of the prismatic bar and its free body diagram.

direction is:

V —(V +0V/0z)dz — pAdz 8%y/ot* =0 (B-1)
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and the moment equilibrium conditions gives :
—Vdz + (0M/0zx)dx ~ 0 (B-2)
substitution of V' from Equation B-2 into Equation B-1 produces :
(0°M/0x%)dx = —pAdz(8%y/6t?) (B-3)
From elementary flexural theory we have :
M = EI(0%/0z?) (B-4)
use this expression in Equation B-3, we obtain :
o? %y 02y

In the particular case of a prismatic beam the flexural rigidity FI does not vary with x,
and we have :

EI(0%/0x)dz = —pAdz(8%y/0t?) (B-6)

or

d%y/ox* = —1/a®(8%y/0t?) (B-7)

where ¢ = y/EI/pA when a beam vibrate transversely in one of its natural modes, the

deflection at any location varies harmonically with time, as follows:
y = X(Acoswt + Bsinwt) (B-8)

where subscript ¢ for the ¥ mode has been omitted.

Substitution of Equation B-8 into Equation B-7 results in
d*X/dx* — (W*/a®)X =0 (B-9)

This equation is the equation of the motion for transverse free vibration of a prismatic
beam. For the case of force vibration the force Q(z,t) will appear in the right side of

equation. By introducing the symbol w?/a? = K* Equation B-9 can be written as:
d*X/dz* — K*X =0 (B-10)
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To satisfy Equation B-10, we let X = €™ and obtain : e"*(n* — K*) = 0. The roots of
the later equation are found to be: ny = K,ny = —K,n3 = jK,ny = —jK. The general
form of the solution for Equation B-10 becomes: X = CeX* + De=%® 4 Eeik= | Fe-iKe

or in the equivalent form:
X =CisinKz + Cycos Kz + Cysinh Kz + Cycosh Kx (B-11)
or in the following equivalent:

X = Ci(cos Kz+cosh Kz)+Cs(cos Kz—cosh Kz)+Cs(sin Kz+sinh Kz)+Cy(sin Kz—sinh Kz)
(B-12)

the constants C1, Cy, C3 and Cy in the Equation B-11 must be determined in each partic-

ular case from the boundary conditions at the ends of the beam.

For example at a fixed end, the deflection and the slop are equal to zero, so that
(X)mzo = O) (dX/dx)z=0 - O, (X)w=l = 07 (dX/dx)m=l =0 (B'13)

From the first two boundary conditions and Equation B-12 we take C} = C5 = 0, so that
X = Cy(cos Kz — cosh Kz) + Cy(sin Kz — sinh Kz) and from the other two boundary

conditions:

Cs(cos K1 — cosh K1) + Cy(sin K1 —sinh K1) =0 (B-14)

Cy(sin K1 + sinh K1) + Cy4(— cos Kl + cosh K1) = 0 (B-15)
from which the following frequency equation can be deduced.
cos Klcosh Kl =1 (B-16)

A few of the lowest consecutive roots of this equation are:

Kol | Kyl | Kjl K3l K4l

0 |4.730 | 7.853 | 10.996 | 14.137

The normal modes can be superimposed to produce the total response as :

y= Z X;(A; cosw;t + B;sinwt) (B-17)

i=1
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we shall now re-examine equation B-10as an eigenvalue problem of the form
X" = M X; where \; = K* = (w;/a)?
Orthogonality properties of the eigenfunctions will be studied by considering modes 4, j

as follows:

i

X, = AX;

Her

= AXj

Multiplying the first equation by X; and the second one with X; and integrating the

products over the length of the beam, we obtain:
l " l
0 0
l Hn l
Integration of the left hand side of these equations by parts yields:
Hi 1" ’ l " " l
X; X515 — X, Xj]f) +/ X; X, dx = )\i/ X X;dx (B-20)
0 0
1t " ! l " " l
0 0

The end conditions B-13 require that the integrand terms in the above equations vanish.

Therefore, subtraction of Equation B-21 from B-20 produces:
!
()\z - )\J)/ X,X]d.'L' =0 (B-22)
0

This expression in zero when ¢ = j. To satisfy Equation B-22 when i # j and the for

distinct eigenvalues (A; # A;), we must have

[xx=0, #4) (B-23)

Substituting this expression into equation B-20, we find

/ XIXI=0,  (i4]) (B-24)
0
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and from equation B-21 it is also seen that

/ | X"X;=0, (i#J) (B-25)
0

Equations B-23, B-24 and B-25 constitute the orthogonality relationships for transverse
vibrations of a prismatic beam. For the case of ¢ = j, the integral in Equation B-22 may

be any constant «;, as follows

l

[ Xido=a  #9) (B-26)
0
When the eigenfunctions are normalized in this manner, Equations B-36 and B-20 yield
l nn l I

/ X, Xidz = / (X;)dz = Moy = Koy = (wifa)’o; (B-27)

0 0

For the purpose of transferring the equation of motion B-7 to principal coordinates, we
rewrite it as:

mijdz +ry" dz =0 (B-28)

in which m = pA is the mass per unit length of the beam, and r = EI is the flexural rigid-
ity. Expansion of the transverse motion in terms of time functions ¢; and displacement
X; gives:

y=> ¢:Xi(i=1,23,,00) (B-29)

i

Substituting Equation B-29 into equation of motion B-28, we obtain:

Z(méiXi +r¢X; dz) =0 (B-30)
i=1
Multiplication of Equation B-30 by the normal function X;, followed by integration over
length, produces:
Z(m¢z/ Xindx+T¢i/ X;I”dezr:) =0 (B-31)
i=1 0 0
From the orthogonality relationship given by Equations B-23 and B-25 through B-27, we

see that (for ¢ = j) the equation of motion in principal coordinates becomes:

mwi¢i+rwi¢i =0 ,(Z = 172’3,"' ,OO) (B'32)
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in which m,, = mfol X%z = ma; and 1, = rfol X;" Xidx = rfOl(X:)de = mw;2a; We

may set the normalization constant equal to unity, so that Equations B-26 and B-27give:
/O l X?dr =1, /0 l X;" Xidz = /0 l(X;')de = K} = (wi/a)? (B-33)

Then Equation B-32, divided by m, takes the form :
$i+ wid; =0 (i=1,2,3,-,00) (B-34)

This equation is now said to be expressed in ”normal coordinates”. In this way, the differ-
ential equation of motion B-6 has been transformed to normal coordinates by substituting
Equation B-29 for y. In a general case the transverse response of a beam to initial condi-
tions of displacement and velocity, using normal-mode approach can be found as follows:
At ¢ = 0 initial displacements are expressed as y, = f1(z) and that the initial velocity are

given by o = fao(z), from Equation B-29 we can write

i $0iXs = fi(z) (B-35)
i=1
Z 0 Xs = fol) (B-36)
Multiplying the last two equations l;;lX ; and then integration over the length gives:
Zl%" /O X Xydo = /0 ' h@)Xids (B-37)
i Pos /0 l X X;dzx = /0 l fo(z) X jdz (B-38)
From orthogonality and no:rllalization relationships (for ¢ = 7) we obtain:
boi = /0‘ fi(z)Xidz (B-39)
doi = /Ol fo(z) Xidz (B-40)

Therefore, the free-vibration responses of the normal modes are:
¢ = doi coswit + (do;/w;) sinwgt, (1=1,2,3,---,00) (B-41)

Substitution of this expression into Equation B-29 produces the combined response of all

modes as:
oo

Yy = Z Xz (QSQ@ COS wit + (q'ﬁgi/w,-)sz'nwit) (B-42)

i=1
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B-1 Distributed load

To calculate the forced transverse response of prismatic beam, we assume the beam is
subjected to a distributed force per unit length, Q(z,t). In this case the differential

equation of motion for a typical element of the beam becomes:
mijdz —ry dz = Q(z, t)dx (B-43)
by dividing both sides of this equation by m = pA (the mass per unit length),we obtain:

jdz — a%y"" dz = g(x, t) (B-44)

2 = r/m andq(z,t) = Q(z,t)/m EquationB-44 will be transformed to normal

where a
coordinate by substituting Expression B-29 for y, multiplying by X, and integration over

the length as follows:

00 l l l
Z(@ / X; X;dx — a*¢; / X;”’dem) = / X;q(x,t)dz (B-45)
0 0 0

g=1

Using the condition of orthogonality and normalization (for ¢ = j) we obtain
. l
0

The integral on the right side is the %" normal mode load. The response of the i

vibrational mode is found by the Duhamel integral to be:

! ¢
b = (1/wz)/ Xi/ q(z,f) sinw;(t — {)df dz (B-47)
0 0
Substitution of this time function into Equation B-29 gives the total vibrational response
as:
w l t 2, 25 rd
y= Z(Xz/wz)/ Xi/ q(z,t) sinw;(t — t)dt dx (B-48)
: 0 0

i=1

If the loading Q(z, t) can be expressed as the product Q(z,t) = f(x)Q(t) the Equation

B-48 may be written in the simpler form :
e l t Iz I rd
y=3 (X;/w) / f(2) Xidz / o(f) sinwit — £)df (B-49)
: 0 0

=1

o,
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B-2 Concentrated Force

If a load P;(t) is concentrated at point z1, no integral over length is required, so that the

response will be:

y = g‘_d()g)(i1 Jw;) /0 q1(f) sinw;(t — £)df (B-50)

i=1

in which the symbol X;; represents the normal function X; evaluated at point z; and
q:1(t) = Pi(t)/m For a pulsating force Pi(t) = Psinwt, applied at the distance z =

from the left end we have:

o0 t
y = 2P/ml) 3 (XiXa fwi) / sin wf sin w;(t — £)df (B-51)
i=1 0
or
2P O Xi X,
y=— )2(1 (sin wt — < sin wit> G (B-52)
ml ~ W wj
where f; = a—lw—g—) is the magnification factor.
T2

K
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Appendix C

Large Deformation Mechanics

This appendix provides an overview of concepts and equations used in large deformation
mechanics. The Lagrangian (or material) description in which each particle is perma-
nently labelled with its original Coordinates, is chosen for the listed equations. Aditional

information can be sought in {127, 168, 169, 170, 133, 171].

C-1 Measures of deformation in 1-D

Different measures of deformation are defined for both linear and nonlinear mechanics. As

Figure C.1: The undeformed and deformed length of a bar.

shown in Figure C.1, if L is the original (undeformed) length of a bar and 1 is the current
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(deformed) length, the deformation of the bar can be described by the stretch ratio,\, as

A= (C-1)

L
L
In an undeformed state (1=L), the stretch ratio, A = 1. A number of strain measures has
been defined in terms of stretch ratio, A in general form: ¢ = f(A). For instance, for very
small length changes (linear region), the definition € = % where AL = [ — L is commonly
used. For large deformations, however, some other measures have been found useful, such

as:

!
" = /Ell—l=ln)\, true(Logarithmic)strain (C-2)
L

¢ = 1/2(\*-1), Green'sstrain (C-3)

C-2 Kinematics: Continuum Mechanics Approach

A body in which both mass and volume are continuous functions of continuum particles

is called continuum body which determined by macroscopic quantities.

C-2.1 Configuration

An initial configuration of a body B at some time ¢t = ¢y, is often the natural choice of
the reference configuration, occupying the region €. The current configuration of the
body, occupying the region 2, is the configuration of 8 at time t. When B is in its
reference configuration, let the position vector of a material point P € B relative to some
prescribed origin O be denoted by X(P) which is referred as the reference positionn of
P. Then, the region {2y occupied by 8 when it is in its reference configuration can be

considered as a set of reference positions:
Q = {X(P), P € B)

Alternatively the position vector of a material point P € 8, when B is in its current

configuration at time ¢, relative to the same origin O is denoted by x(P,t) and referred
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to as the current position of P(See Figure 3.1). The region Q occupied by B at time ¢

can be thought as a set of current positions:
Q= {x(P1t),P e B}

The reference Cartesian coordinates of a material point will be denoted by (X3, X2, X3)
and the current Cartesian coordinates will be denoted by (xy, z2, z3), so that X = X 4é4
and X = z,€,. For every reference position X corresponding to a material point in the
reference configuration g, x = X(X, 1), z, = X, (X1, Xa, X3,t), where vector operator
X(,t) : Qo — . This mapping is invertible and there is a vector operator X~1(-,¢) :
Q — Q. Thus for every current position x corresponding to a material point in the

current configuration §2,
X =X"Yx,t), Xa= X721, 23,1

These mappings define the motion of the body which can be a combination of rigid-body

motion and a deformation.

C-2.2 Material and Spatial Descriptions

If tensor T(P,t) represents some physical quantity associated with the material point P
of a body at time ¢, it can be given either in terms of the material points’ positions in the
reference configuration X (P), which is called the material description of the tensor field
T and is shown by T = ¥(X,t) = ¥(X;, Xy, X3,t) or in terms of the material points’
positions in the current configuration x(P,t) which is called the spatial description of the
tensor field T and is defined by T = (x,t) = t(x1, T2, z3,t). The first definition is
often referred to as Lagrangian description while the latter one is referred to as Eulerian
description and related to each other by (X, t) = ¢[X(X,t),t]. The value of the tensor

quantity T is the same at any given material point, regardless of whether a material or

spatial description is used for the position of that material point.
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C-2.3 Displacement

The vector field U(X, t) = x(X,t) — X is a function of the referential position X and time

t, and characterizes the material description of the displacement filed. According to the

U X =uX

Figure C.2: Displacement field of a typical particle.

FigureC.2, the relationship between material and spatial descriptions are:
U(X,t) = UX(x,t),t] = u(x,t) (C-4)

For a rigid-body motion any particle moves an identical distance, with the same magnitude
and same direction at time t. Therefore, the displacement field is independent of X,

however, though it can be a function of time t.

C-2.4 Deformation Gradient Tensor and Jacobian of the motion

The second order tensor F is called the deformation gradient temsor and is given by

F(X,t) = Gradx, Foa = §g= (such that dx = F-dX ), where X4 is the reference Carte-
sian coordinates. It can be shown that the deformation gradient tensor F' = F,4€,€4 is
related to both the reference and current configurations, as indicated by the combination

of the lowercase and uppercase indices. Tensors of this kind are known as two-point ten-

sors. The deformation gradient tensor F, contains both rigid body rotation and distortion
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(stretching). F is generally not symmetric and cannot be diagonalized. The Jacobian of
the motion is defined as J(X,t) = detF(X,t). The necessary and sufficient conditions for

an isomorphic motion are that J exists and J # 0 at every material point in the body.

C-2.5 Polar Decomposition Theorem

The deformation gradient tensor can be uniquely decomposed as either F = R-U ,stretch-
ing followed by rigid body rotation, or F = VR, rigid body rotation followed by stretching
, where R is an orthogonal two-point tensor and U and V are symmetric, positive definite
tensors. The right Cauchy stretch tensor U is given by U = (FT - F)Y/2. The left Cauchy
stretch tensor V is given by V = (F - FT)Y/2, Finally the rotation tensor R is give by
R=F-Ul=Vl.F

The matrices U and V each completely characterize the deformation of the body and

R characterizes a separate rigid-body motion.

C-3 Strain Tensor: Referential formulation

The deformation of a body , independent of both translation and rotation can be described
by several second order tensors. The right Cauchy-Green deformation tensor C is defined
as C = FT . F = U? = CT. The right Cauchy-Green tensor C (also referred to as the
Green deformation tensor) is an important strain measure in material coordinates.

For every material point that experiences a rigid-body motion, the right Cauchy-Green
deformation tensor C = U =1 and F = R. The Green-Lagrange strain tensor, is defined

as E = -;—(C — I), and vanishes the rigid-body motions.

C-3.1 Dilation

For a material volume B that occupies the region ) in the reference configuration and
region () in the current configuration, the size of material volume in the reference and

current configuration are V = [ dV and v = [ dv, respectively.
Qo 0

206



The differential volumes in the reference and current configurations are dV = dX; x dX; X
dXs , and dv = dx; X dx3 x dx3 , respectively. Recalling that J = detF it can be seen

that, dv = JdV. The change in size of the material volume is
vV = / (J = 1)dV (C-5)
Q

The integrand in C-5, is known as the dilation, e = J — 1, and represents the change in
volume per unit reference volume at a material point. The dilation is sometimes referred
to as volume strain. The dilation is related to the right Cauchy-Green deformation tensor,

Green-Lagrange strain tensor, and right Cauchy stretch tensor as follows:
e=detU —1=+VdetC—1=+/det(I+2E)~1 (C-6)

The motion is isochoric (Volume is conserved) at a meterial point if and only if e = 0 at
that material point. There is a local reduction in the volume if —1 < e < 0 and there is

a local increase in volume if e > 0.

C-3.2 Strain-Displacement Relations

Recall that the displacement vector field relates the positions of material points in the
reference and current configurations such that x = X + u (see Figure C.2). Therefore the

deformation gradient tensor F = Gradx can be given as

F =1+ Gradu, Fiq = 64 + %—3 (C-7)
The Green-Lagrange strain tensor can be thus written as
1
E= %(FT F-I)= 5[(1 + Gradu)T - (I+ Gradu) -1 (C-8)

which simplifies to :

l((?uA + Oug Ouc Ouc
2 8XB 8XA 8XA aXB
(C-9)

E= %[Gradu-i— (Gradu)T + (Gradu)” - (Gradu)], FEap =

which is expressed in terms of the material description of the displacement field.
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C-4 Stress Tensor: Referential formulation

Consider a deformable continuum body B occupying an arbitrary region €2 of physical
space with boundary surface 952 at time t. If the body be cut by a plane which passes
any given point z € {2 with spatial coordinate z, at time t, the resultant force acting on

a surface element ds is called df and the following relationship can be obtained.
df = tds = TdS (C-10)

where, t = t(x,¢,n) and T = T(X,¢,N). Here, t represents the Cauchy(true) traction
vector (force measured per unit surface area defined in the current configuration), exerted
on ds with outward normal n. Alternatively, vector T represents the first piola-Kirchhoff
(nominal) traction vector (force measured oer unit surface area defined in the reference
configuration) and points in the same direction as the Cauchy traction vector t.

The vectors t and T that act across the surface elements ds and dS with respective
normals n and N are referred to as surface tractions or contact forces or just loads.
Typical surface tractions are contact and friction forces.

Cauchy’s Stress Theorem: There exist unique second-order tensor fields o and P

so that:
t(x,t,n) = o(x,t)n (C-11)
T(X,t,N) =P(X,t)N (C-12)
where o denotes a symmetric spatial tensor field called the Cauchy(true) stress tensor,
while P characterizes a tensor filed called first piola-Kirchhoff (nominal) stress tensor.
Relation C-11 which combines the surface traction with the stress tensor, is one of the
most important axioms in continuum mechanics. Finally the relationship between the

Cauchy stress tensor o and the first Piola-Kirchhoff stress tensor P can be obtained from

equations C-10 and C-11 as follows:
t(x,t,n)ds = T(X,t,N)dS, (C-13)

o(x,t)nds = P(X,t)NdS (C-14)

208



and substituting from Nanson’s formula', i.e. ds = JF~7dS, P can be written in the
form

P=JoF 7T (C-15)

C-4.1 Alternative Stress Tensors

Often it is convenient to work with the so-called Kirchhoff stress tensor T, which differs

from the Cauchy stress tensor by the volume ration J and is defined by:
r=Jo (0—16)

Another useful stress tensor is second Piola-Kirchhoff stress tensor which does not admit
a physical interpretation in terms of surface tractions. The relationship between the first
Piola-Kirchhoff stress tensor P and the symmetric second Piola-Kirchhoff stress tensor S
is

P =FS (C-17)

C-5 Constitutive Equation

A constitutive equation represents the intrinsic physical properties of a continuum body.
It determines generally the state of stress at any point of the body to any arbitrary
motion at time t. The constitutive equation of an isothermal elastic body relates the
Cauchy stress tensor ¢ = o(x,t) at each place x = X(X,t) with deformation gradient

F = F(X,t). For homogeneous bodies in which the Cauchy stress tensor and reference

n order to compute the relationship between the unit vectors n and N consider an arbitrary material
line element dX, which maps to dx during a certain motion X. The infinitesimal volume in the current
configuration dv can be shown as a dot product. Therefore starting form relationship dv = J(X,t)dV,
we have dv = ds.dx = JdS.dX = JdV with ds = dsn and dS = dSN denoting vector elements of
infinitesimally small areas defined in the current and reference configurations, respectively.

Recalling that dx = FdX , the later relationship may be written as:

(FTds — JdS) .dX = 0 Since the latter relation hold for arbitrary material line element dX, it can be
[ —
0

concluded that ds = JF~TdS. This relation is known as Nanson’s formula.
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mass density po are independent of the position X, the constitution equation may be

expressed as:

o = g(F) (C-18)

which determines the stress ¢ from the given deformation gradient F. Another alternative
form of constitutive equation which turns out to be very useful in the theory of elasticity
is the relationship between Cauchy-Green tensor C and the second Piola-Kirchhoff stress

tensor S in the form of

S = p(C) (C-19)

A so-called hyperelastic material (or Green-elastic material) postulates the existence of
a Helmholts free-energy function ¥, which is defined per unit reference volume rather
than per unit mass. The following reduced form of constitutive equation for hyperelastic
materials at finite strains can be derived:

__0v(C) _ 9U(E)
S=27%¢ =~ o (C-20)

in which E = 1/2(C —1) is the Green-Lagrange strain tensor. It can also be shown that

for isotropic materials, the strain energy may be expressed by the identity :

¥(C) = U(b) (C-21)

C-5.1 Constitutive Equations in terms of Invariants

The strain energies, may be expressed as a set of independent strain invariants of the
symmetric Cauchy-Green tensors C and b, namely, through I,=I, (C) and I,=I, (b),
a=1,2,3, respectively. With reference to C-21, the constitutive equation can be expressed

equivalently in the form of :
¥ = V[L(C), Io(C), I3(C)] = ¥[A(b), I2(b), Is(b)] (C-22)

Since C and b have the same eigenvalues, which are the squares of principal stretches A2,

a=1,2,3, we conclude that
L(C)=L(b),  L(C)=Lb), I4(C) = Ia(b) (C-23)
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where the three principal invariants are explicitly given by:

L(C) =trC = A2 + A2 + A} (C-24)
I;(C) = 1/2[(trC)? — tr(C?)] = AIAZ + A2AZ + A2\? (C-25)
I3(C) = detC = J? = X2A2\2 (C-26)

For the stress-free reference configuration, the strain-energy functions C-22, with (5.89)-
(5.91). must satisfy the normalization condition, ie. ¥ = 0, for [; = I = 3 and
I3 = 1. Assuming that U(C) = ¥(I, Iy, I3) has continuous derivatives with respect to
the principal invariants I,, a=1,2,3, from chain rule of differentiation we find,

OU(C) _ ov oL oW ol oV ol
oC  8I,'0C ' oI, 8C ' 813’ 8C

(C-27)

After derivatives of first, second and third invariants with respect to C are derived and

substituted we arrive at:

B\I!(C) _ 2[(8\1! 8\1’) ov ov

=g o1 thap )T-55C~ + Le—C! (C-28)

5= oI, oI,

The spatial counterpart of constitutive equation C-28 can be found using :

e The relation between the Cauchy stress ¢ and the second Piola-Kirchhoff stress S

defined by ¢ = J!FSFT

e by multiplying the tensor variables I, C,C~! with F from the left-hand side and
with FT from the right hand side, we may write by means of the left Cauchy-Green
tensor b = FFT, that FIFY = FF? = b, FCF? = (FF7)? = b?, FC'FT =
(FFHY(F-TFT) =L

Therefore, with C-28 we deduce that

+ 14 “—b - I3=—b"! (C-29)

ov oV it ov, 8y
oI, * *oL,)" T 8L, *dl

o=2J1 [(12

C-5.2 Incompressible isotropic hyperelasticity

In general for isotropic materials, ¥ is dependent to three strain invariants of Cauchy-

Green tensors C or b. However, for the incompressible materials a kinematic constraint
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I3 = detC = detb = 1 should be taken into consideration. Therefore, the two principal
invariants I; and Iy are the only independent deformation variables. Further details
can be found, for example in [Ogden 1982, 1986]. A suitable strain-energy function for

incompressible isotropic hyperelastic materials, in view of C-22, is given by
1 1
¥ = V[1(C), (C)] - §p(13 — 1) = ¥[Li(b), L(b)] - '2‘23(—’3 -1) (C-30)

where p/2 serves as an indeterminate Lagrange multiplier. Differentiating Equation C-
30with respect to C and performing some mathematical operations, the constitutive equa-
tion of incompressible isotropic hyperelastic materials in terms of Cauchy stress tensor o
van be derived as

ov ov

— h-92"p1! _
o= pI+28I1b 2812b (C-31)
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Appendix D

Finite Element Formulations

This appendix provides a concise overview of concepts and equations used in finite element

modeling in the present research work.

D-1 Nonlinear Finite Element formulation

For shortness reasons, only some aspects of nonlinear finite element techniques are de-
scribed here. Normally three different sources of nonlinearity are known; material, geom-
etry and nonlinear boundary conditions. Nonlinear stress-strain relationship referred to
as material nonlinearity. The nonlinear relationship between strains and displacements
or between stresses and forces are called geometric nonlinearity. Boundary conditions
or loads, for instance in contact and friction problems, may introduce nonlinearities due
to instantaneous changes in stiffens occur over time. The nonlinear problems of finite
strain deformations, generally are solved by three approaches: Lagrangian Formulation,
Eulerian Formulation and Arbitrary Lagrangian-Eulerian Formulation (ALE)[134]. In the
Lagrangian approach, which normally is used for deformations of structural elements, the
finite element mesh is attached to the material and moves through space along with it. La-
grangian formulations can further be classified into two categories: the Total Lagrangian
method (TL), in which the equilibrium is expressed with respect to the reference (unde-

formed) configuration and the Updated Lagrangiam method (UL), in which the current
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configuration acts as reference state.

D-1.1 Fundamental Equations

In the finite strain deformation [130],

Geometry changes during deformation. The deformed domain at a particular time

is generally different from the undeformed domain and domain at any other time.

Strain is no longer infinitesimal so that a large strain definition has to be employed.

Cauchy stress can not be updated simply by adding its increment. It has to be up-

dated by a particular algorithm in order to take into account the finite deformation.

Incremental analysis is necessary to simulate the nonlinear behaviors.

Based on the principle of wirtual work a set of linearized simultaneous equations are
derived. Assuming all variables, such as coordinates z;, displacements u;, strains e;;,
stresses 0;; and other material variables have been solved for and are known at time ¢;
it is possible to solve a set of linearized simultaneous equations having displacements
(and hydrostatic pressures in the mixed u-p formulation) as primary unknowns to obtain
the solution at time t + At. The simultaneous equations are derived from the element
formulations based on the principle of virtual work! (see for instance [172]). Let V be
the volume occupied by a part of body B in the current configuration and S the surface
of deformed body on which tractions are prescribed. Assume, the surface traction at any
point on S be the force 3 per unit of current area and let the body force at any point in

the volume be f® per unit current volume, then

/Uijéeijdv=/fiBéuidV+/fzséuidS (D-1)
v 5

\4

! The principle of virtual work simply states that the work done by the external force subjected to any
virtual displacement filed is equal to the work done by the equilibrating stresses on the deformation of

the same displacement field.
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where o;; are the Cauchy stress components, and €;; = 1 (8_% + %) The right side of
J J 2\ 0z; oz;
Equation D-1denotes the internal virtual work, W. A linear set of equations are obtained
by differentiating the virtual work, keeping linear terms and ignoring all higher order
ones.(see for example [132, 172]). In element formulation, material constitutive law has
to be used to create the relation between stress increment and strain increment. Since the
Cauchy stress rate ¢ is affected by the rigid body rotation, it is not objective (not frame
indifference), an objective stress rate is required. Jaumann rate of Cauchy stress[135] is

the one that conventionally is used [127]?.
0';; = dij — OikWik — Oj5kWik (D-2)

where ¢7; is the Jaumann rate of Cauchy stress, w = 3(Z% — 244} is the spin tensor® and
7 2

oi; is the time rate of Cauchy stress. On the other hand, using the constitutive law, the

stress change due to straining can be expressed as:

&3y = Cijd (D-3)

vl

where Cjji is the material constitutive tensor and dy; is known as rate of deformation
tensor and given by:

1,0v;  Ov;

di; = = —L

" 2(8.’IJ j + 6.’1)1

) =dji (D-4)

in which v; is the velocity. By substituting Equation D-4 into Equation 4.23, the Cauchy

stress tensor can be obtained as:

0ij = Cijiudil + Wik + 0jxWik (D-5)

20bjective stress tensor is not limited to only Jauman stress rate. In deed, there are many objective

stress tensors such as Oldroyd stress rate and Green-Naghdi stress rate.
3The spin tensor (or rate of rotation tensor) w indeed is the skew part of the spatial velocity gradient

tensor 1in which I(x,t) = d(x,t) + w(x,1),

where
d=3(1+17) = {(gradv + gradTv) = %(gﬁ’-’; + ‘—;ﬁf) =d7
w=1(1-17) = {(gradv — gradTv) = %(%J’% - %ﬁ:—) =wT

The spin tensor | itself relates the material time derivatives of F~1 and F~7 as follows:

F-1 = _F1]
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D-1.2 Mixed Formulation Methods

In some circumstances the standard displacement based finite elements show dissatis-
factory performance. Locking*, which can be attributed to the over-constrained systems,
specifically is a major shortcoming of this approach. Although the shear locking (bending)
severity can be alleviated by mesh refinement or using higher order elements, volumetric
locking (incompressible or near incompressible materials) cannot be solved by refining the
mesh. For nearly incompressible( Poisson’s ratio close to 0.5 or bilk modulus approaches
infinity) or incompressible materials, displacements are not accurately predicted. Using
derivations of displacements to calculate the volumetric strains causes erroneous results.
Since the external loads are at any moment balanced by stresses through the principal
of virtual work, any small error in volumetric strain will transform into a larger error in
the stresses and hydrostatic pressures, which in turn will have a detrimental effect on the
displacements [134]. There are two methods for eliminating volumetric locking, namely
reduced integration procedures and using multi-field elements, both have their own short-
comings {173]. In multi-field elements, pressure or stress and strain fields are considered
as independent variables, and therefore they are interpolated independently of the dis-
placements. When the hydrostatic pressure is used as an additional independent field,

the formulation is called mized u-p formulation.

Mixed u-p Formulation

In the mixed u-p formulation (u and p, stand for displacement and pressure, respec-
tively)pressure is obtained at global level instead of being calculated from volumetric
strain. Therefore, the solution accuracy is independent of Poisson’s ratio or bulk modu-

lus. The final stiffness matrix has the format of:

Ky Kuyp Au AF
tls (D-6)
Kn K, || AP 0

4Locking can generally be considered as the tendency for the finite element solution to approach zero

due to restrictions in the body being modeled.
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where:
Au: displacement increment

AP: hydrostatic pressure increment

D-2 Piezoelectric formulation

The finite element formulation (used by Ansys) is taken from the work done by Hol-
land and EerNisse [174, 175, 176] which is presented in a useful format by [177]. Using

variational principle, the derivation starts from the definition of virtual work density
W = {u}T{F} - é¢0o (D-7)
where

{u} : displacement,

¢  : electric field,

{F} : mechanical force density,
o : charge density, and

4] . a virtual quantity.

The electric flux density {D}, stress {T}, electric filed {E} and mechanical strain {S}, for
linear material behavior are related through the matrix form of the constitutive equations

(see A-21 and A-22)

{T} = [cl{S} - [el{E}
{D} = [e]"{S} +[{E} (D-8)

Assuming V as the volume of the body, S; the part fo boundary where traction is pre-
scribed , Sz that part of boundary where the charge is prescribed and p the density, the

result of applying virtual work principle may be stated in the following form:

[ {esyilisy - sy7lele) - oy es) -

14
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(SEM[{E} — {su)T{F} + p{ou)T{ii} + 6¢6}dV—

/ (6u)T{T}dS + / §¢5dS — {Su}{P} + 64{Q} = 0 (D-9)
S2

S1

{F} : body force,
{T} : surface traction,
{P} : point force,

& : body charge,

o : surface charge,

Q : point charge

In order to generate the matrix relations for a finite element, the continuous displacements
and potential are expressed in terms of ¢ nodal values through interpolation functions N,

and Ny

{u} = [NuJ{u}
¢ = {NoHoi} (D-10)

{u} : displacements within element domain in the x, y, z directions
¢ : electrical potential within element

[N,] : matrix of displacement shape functions

{Ng}: vector of electrical potential shape function

{u;} : vector of nodal displacement

{¢:} : vector of nodal electrical potential

The expanded forms of [N,] and {N} is in the form of:

N O 0 -~ N, 0 0
[MJ=|0 N O .-~ 0 N, ©
0O 0 N --- 0 0 N,
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{Ng} = (N Ny --- N,)

where N; is the shape function for the node 7. In a similar manner, the prescribed body
and surface force (charge) distributions are expressed through interpolation functions and

nodal values as
{F} = [Np|{F}
{T} = [Nz}{T:} (D-11)
¢ = {NsH{a:}
o = {N;}{&;}

Differentiating Equations D-10yields expressions for the strains and electric field

{8} = Bu{u}
{E} = —[Byl{¢:} (D-12)

The following two equilibrium equations are the result of substitution of relations D-10,

D-11 and D-12 into Equation D-9:

m}{i} + [kuaJ{wi} + [kugl{d:i} = {Fp}+{Fs}+ {Fp}

koul{wi} -+ [kgol{$i} = {Qm}+{Qs}+{Qpr} (D-13)

Il

where the terms in Equation D-13 are defined in Table D.1. Once nodal values of dis-
placement and electric potential for an element have been determined, stress and electric
flux density at any point in the element can be found by substituting Equations D-12 into

Equations D-8

Il

{T} = [c]iBul{u} + [e][By]{¢:}
{D} = [e]"[Bul{w} - [e][Bs]{s:} (D-14)
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Table D.1: Description of terms in equations D-13

kuu] = [[Bu]"[c][Bu]d(Vol)

[kug] = E[Bu]T[e] [ByJdV
[kpu] = f [By)" [e]" [BuldV
[kgo) = wf [By]"[€][BglaV
[m] =pf [NLJT[NyJdV
{Fs} = f [NLJ'[Nz]dV[F;]

{Fs} = f[N [N7]dS[T]
{Fp} = [NJ7{P}

{Qs} = —‘[{Nqb}NadV{&i}
{Qs} = —S{{N¢}Na'd5{52}
{Qr} = —{Ny}Q

Structural Stiffness matrix

Piezoelectric Coupling matrix

Dielectric Conductivity matrix
Structural Mass matrix

Body force vector

Surface force vector

Concentrated force vector

Body charge vector
Surface charge vector

Point charge vector
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