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Abstract

Surgical procedures conducted without proper guidance and dynamic feedback
mechanism could lead to unintended consequeirc®s/o diagnosticsand imagng (the Gastre
Intestinal tract) has shown to be inconvenient tfog patientsusing traditional endoscopic
instruments and oftethese conventional methods are limited in terms of their accessitwus
organs(e.g.small intestines)Embedding sensorsiside the living body is complex and further
the @mmunicationwith the implanted sensors challenging using the current RF technology
Additionally, continuous replacement and/or batteries rechargingifetesssensorsetworks
both invivo and exvivo adds towardshe complexity. Advances in diagnostics and prognostics
techniques require development at multiple Iswbrough systems approgchuided by the
futuristic intelligent decision making environment that reduces the human interfefdree.
dermands are not only at the component lelat alsoatthe connectivity of the components such
that secure, sustainable, sedfiant, and intelligent environment can bealized. This thesis
provides importantbreakthroughs required to achieve the visidnirgelligent healthcare
environment.The research contributionsf this thesis providéoundationfor developing a new
architecture for continuousedical diagnostic and monitorinfhe chapters in this thesis cover
four fundamentaltechnologiescovering the invivo imaging, exvivo imaging, energy for
sensors, and acoustic communicatidrese technologies areocomotion mechanism for
wireless capsuleendoscope (WCE)multifunctional image guided surgical (MIGS) platform,
shapememoryaloy (SMA) thermalenergy harvest and thermaeacoustic sonar using carbon
nanotube (CNT) sheets.

First, two types of locomotion mechanism&re developedthe first oneinspired bymillipede
legged typemechanisnandthe second one based thre traveling waveshatwere induced onto
the walk of the WCEs through vibration



Both mechanisms utilizpiezoelectric actuato@ndcouple their dynamics and actuation
capability in order toachieve propulsionThis controlled locomotion will provide WCE
advantage in terms of concting localized diagnosticaNext, in order toconduct exvivo
surgical procedures using the OCT suchreamoving theunwanted tissue and tumors short
distance beneath the skin, MIGS platform was developked MIGS platform icomposed of
three key elemdn: optical coherence tomography (OCT) probe, lasalpeland high precision
miniature scanning and positioning stage. Toeus in this dissertation was on design and
development of th@rogrammablescanning and positioning stagéhe combination of kvivo
tool such as WCE and esvo tool such as MIGS will provide opportunity to conduct many-non
invasive procedures which will save time and ctrstorder to power the feedback sensors that
assist in remote operation of surgical procedures and autonodtioa diagnostic algorithmsnpa
energy harvester technology basedtloa SMA thermal enginevas designed, fabricated, and
characterized A mechanethermal model for the overall SMA engingas developed and
experimentallyalidated Finally, the thermeamustic sound generatianechanisnusing CNT
sheetsvas investigated with the goal of developing techniques for acoustic localization of WCE
and customized sound generation devices. CNT thacoastic projectors wenmodekd and
experimentdy characteried to quantify thedynamics of thesystem under varying drive
conditions

The overall vision of this thesis is to lay down the foundationirftalligent healthcare
environment that provides the ability to conduct automated diagnostics, prognosticshand no
invasive surgical procedures. In accomplishing this vision, the thesis has addessmdkey
fundamental aspects of variouechnologiesthat will be requiredfor implementing the

automation algorithms
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Chapter 17 Introduction

1.1 Problem Statement
Misdiagnosis is a very common mistake that occurs in the medical field with alarming

40% of the total cases often resulting consequences of severe magnitudes due to wrong or
missed treatment. As a conseqoe, missed diagnostics have been responsible for $38.8 billion
in spending between 1986 and 2010, and this has been the cause for injuries 80000
160000 patients yearlyfeven though medical practitioners are trained to pi@wareful and
systematic diagnostics, these are not 100% accutasethereforenecessary to understand that
misdiagnosis occurs primarily duettze lack of information doctors acquireoim their patients.
Often the reason for this is that currenthiealogy does not provide conclusigealysis of the
causesfor specific diseases. Thesre many possibilities for the symptoms exhibited by the
patientand unfortunately &orrect diagnosis requires multiple testéis could be both time
consuming analso source for erroMVhat is needed iautomation and continuous monitoring
techniques that are able to utilize data analytic techniques to predict the right diseased state.
Unlike misdiagnosis, there are also medical ertloas carresult in deterioratin of the sickness
According tothe study conductedfor CNN Health,[2], quarter millioncausalitiesand several
million injuries in United Statesccurdue tothe errors such as the ones listedFigure 1.1.
Patient falls de to the negligence costs the US healthcare system $1billion annya]ly,
Moreover, infectious diseases inside the Emergency Rooms (ER), waiting areas, procedure
rooms and hallways represent a serious problem in hospitals. There lewveeberded 1.7
million healthcare infectious diseases in U.S. hospj@lsand around 100000 deaths each year
from such infectionsMistakes are inevitable in any institution and unfortunately they will
continue to exist. The biggest distraught is that many of these emorbe avoidethy proper
support from technologyntegration of sensors networks inside hospitals will be aljpeaaide
information that couldssist in continuously acquiringformationwhich will provide resources

to tackle the errordHowever, distibuted sensor networkgquire a power sourdbatwill allow

their continuous unrestrained operation. The dominant sotoc@ewerare batteriesbut they
need to beeriodicallyreplaced and/or rechargedhich imposes maintenance issues. In case, the
sensors are embedded in the structure then replacement or recharging would not be feasible.

Thus, other sources for powering the sensor nodes have to be developed.



Lookalike tubes

Treating the wrong patient

Surgical souvenirs
ER waiting time
Operating on the , .
e B Waking up during surgery
Lost patients Infection infestation

Fake doctors

Air bubbles in blood

Figure 1.1 Most common medical errors

1.2 Background

Developing a futuristic higlech hospital establishment requires the megjemany
technologies and their integration. This dissertation feesign somenovel technologieshat
will pave the pathway fdoetter diagnostics, errdree hospitalenvironments and comfortable
experience fothepatients.

Determining the disease that a patient is facing can be establisldehbfying all the
symptomsand then properly correlating them with the known disease conditims way to
achieve this ighrough the development of equipment, sensors and instruments which will be
able to diagnose, treat and communicate between each other in order to form a closed loop
system. This system will be able to acquire and analyze the collected data and comgipondi
produce an appropriate respormgch as alerting of medical staff, repeatingdiagnostics or
conducing alternative one, and/@xecutingreatment protocol.

From a diagnostic point of viewpsie ofthe most commonly used technologi@s hospitalsare
imaging instrumentsMagnetic Resonance Imaging (MRI),-Ray, photo acoustic imaging,
thermography, ultrasound, endoscopes, and etc.

With its roots going back to thé'half of the 28 century, the MRI has come long way and has
become one of the mbgssential tools in the field of diagnosti¢s]. MRI works on the
principle of imaging the protons which are abundant in the human body. When resonance

frequency (Larmor resonance frequencyppplied, the protons align with the magnetic field;
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they absorb the energy and then relax back to the original Btaiag relaxation they produce a
voltage spike which is detected the radio antenna. Based on the strength of the signal and its
density the MRI machine is able to create an image of the interior part of the humariididy.

has been used in detecting neoplastic meningitis with limited use in leukemia and lymphoma,
[6], breast cancer detectidh, multiskeletal systenjg], detection of brain tumof9] and etc.

X-Ray or computed tomographylQ] is another widely usedool for scanning the
abnormalities in bodyit uses electromagnetic ration at frequenciesm the range30 petaherz
30exahertz. As the patientegposed to th&-rays, some of the rays are absorbed by the bones
due to their high calcium content. As such they do not reach the detector and consequently
makes them visible omé radiograplyenerating contrast in the images

Photeacoustic imaging11] works on the principle of generating acoustic waves through
light. For this imaging technique, neonized laser plses are sent to biological tissud$e
energy which is absorbed is converted into heat and leads towards thermoelastic expansion,
which can be deteced by ultrasonic transdudertis case, optical scattering increases Wil
depth of penetratiorf-or these reasons, they are mainly used for imaging at distances of 1mm
below the skin. Some of the key imaging function for pkaatoustic imaging is cancer detection.

Similar tothe photeacoustics, another technology that uses ofticgmagingis optical
coherence tomographfOCT) [12, 13]. This imaging technique uses near infrared light to
penetrate the skin with deptivelow 1mm. It is similar to ultrasoumdwever instead of sound
it uses light to obtain a crosgctional image of the tissue. Unlike other methods téaisnique
obtains very high quality image of the tissue topography and can be used to deteahs&m c
and tumors in the skin.

Another imaging approach is thermograpiiyd] which wasestablishedn the principle
of detecting the heat radiation and physiology of thermoregulation of the human body. One
applicationof this techniques for breast cancer detection since the tumor requires increased
supply of nutrientsvhich increass circulationandcauses temperature increase

Another acoustic method for diagnostics is ultrasdursjl. Medical sonographs used
to capturethe size and imagef the muscles, tendons, including many internal organs. A high
frequency sound-28MHz is produced and directed towards the human body. By measuring the

time delay between thgeneratedound and the reflected one which is receivethbyeceiver



it causes a transducer to generate electrical signals. These signals are then processta and d
images are constructed.

Endoscopy representfie lessinvasive procedure unlike the namvasive procedures
previously discussed. Endoscopes are equipped with cameras and are mainly used for inspecting
the gastrointestinal (GI) tract of the humaadp but can also be used for inspecting the
respiratory tract, the ear, the urinary tract and the reproductive systems.

Besides imaging tools, otheensors in hospitals can be sinificarce if they can be
used forcollecting relevant information unobsively. One type of sensas radio frequency
identification (RFID) thathasthe potential tgplay important role irhospitals.Throughproper
integration, these sensors can assist in eliminating or at least drastically reducing some of the
medical errorpresented ifrigurel.1, [16]. The RFID system is composed of two key elements,
RFID tag and RFID scanner. The RFID tags contain informatioich is electronically stored
and can be integrated on tools, equipment, patients, d@ttoRFID tagscan be scanned while
in motion without the need to be thedirect line of sight. These tags are composed of antennas
and electronic chip which are responsitdetransmitting data signals. Tags can use batteries or
collect energy from the electr@gnetic field produced by the RF scanner. The active RFID tags
send out periodic signals to a reader and the passive ones only transmit the information when
illuminated by an RFID scannefhe RFID can also be active if it reads signals from a passive
tagor be passive if it reads a signal from an active tag. A computer or smart phone can control
the scanner and can also acquire and analyze the data. The integration of such technology can
provide important information on identification and localization tdffsand patients and
localization of medical equipment within the hospital. In addition this technology can serve as
access key to different rooms, patient files, medical drugs and etc. In a Smart Hospital, every
patient, doctor, administrative staff oodpital staff will have an RFID tag. This tag will allow
the medical staff to know whether the patient is in the hallway, the restroom, at a rehabilitation
site or is undergoing a surgery. In a scenario where the RFIDetaggs to a medical staff, as
som as the nurse or doctor enters patientos

sensory interpretation will be automatically displayed on a scBesed on their clearance level,

they wil|l be able to get aycanck dady treatments faredl p at i

accordingly admit the proper medication.



The General Electric (GE) Companyasmajor player in the area af Smart hospital.
One of the initiatives of GE is developing technology which will mitigate medical errors through
the ntegration of intelligent readime monitoring system[3]. Monitoring hand hygiene
compliance, clinical rounding adherence and patient falls are some of the tasks being pursued. It
uses RFID technology and system visualization algorithmt i s abl e to track
and detect whether patients are in need of assistance or not. In a scenario where a patient is
crying or is in pain, the system detects it and consequently alerts the medical staff for attendance.
But RFID are not tb only sensors that can find use in hospitals. Temperature, humidity,
occupancy, motion, heat, acceleration and otleasors will be used as well. The downside is
that allthese sensorseed some type of power source, whichrently isdominated by badtries.
Batteries though, unfortunately follow the slowpsbgressiorirend in mobile computing. They
often need to be recharged or replaced, they have limited life span and there is also the issue with
their disposal.

Because of these reasons it iseesisl that alternative power solutions are discovered

and maturedEnergy harvesting is a reseaaneawhich explores thisssue This research topic
is challengingand is even more complex the indoor environmerst In nature energysources
that can b found in abundance are: solar, wind, geothermal, hydro and vibration. Only few of
them can find applications in indoor environment and the most promésimang themare
thermal and vibrationSince vibration can mainly be obtained from operating machanesthe
source of vibration needs to produce very high amplitudes for significant power harvesting, the
focus in this dissertation was mainly towards thermal sources such as hot water/steam pipes

Another initiative by GE is developing a more attractiveaging diagnostic room for
kids. The Adventure Serie® is an experience which makes imaging technologies such as
Magnetic Resonance Imaging (MRI);Ray, and Computed Tomography (CT) more inviting.
Instead of conventional hospital paint and design,GEeAdventure Serie§" has redesigned
them into different colorful experiences that young children find very amusing, such as: Pirate
island, Coral city, Space adventure, Jungle adventure anfligic.,

Comfort in hospitakenvironment is an essential ingredieswards expediting the healing
process Besides the integration @lectronic devices such asdeo game casoles, TV and
internet aestheticeand acoust& can beadjusted to provide additional support throwggund

therapy. It has be shown that sound therapyerdmance theelaxation and reducthe stress



levels[18]. In addition sound can also aid in the relief of many pathologies. Stress is a common
problem but it is very often present in patientdich have orwill undergo medicakurgical
procedures. Since stress can potentiatigance other side effe¢tsd] it canhaveadverseeffect
on the medical procedure th& about to be performed and therefore lead to complications.
Medical therapythrough sounccan be used to activate the Nitric Oxide (NO) mole¢hbs
offers protectionagainstmicrobes and physiological disorders such as hypertension. In addition
it can diminishthe immune and endothelial activatiom this thesis a novelsound generating
device is introducedhat has two purpose (1) provide a source for acoustic localization in the
wireless capsule endoscop®CE module, and (2) provide a source farstomized sound
therapy through flexible speakers.

The development of SMART futuristic hospiteds several practicahallengs thatneed
to be addressedly developing multifunctional technological componefkigure 1.2 describes a
setof toolsthat canassist with the transformation of an ordinary hospital room iniatalligent
environment Some of these elements are: sensors, simulation equipment, diagnostic tools and
various electroniccomponentsthat help in creaing a safe andrelaxing environment while

providing the stat®f-the-artautomatedliagnostics an@rognostics
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This dissertation foces on a subset of technological advancements required for
intelligent healthcare environmenthe integration of these devices/technologies into a smart
hospital room Figure 1.3 will provide the rapid advancement requitedachieve the vision of
automated healthcare that is cheap, reliable andTfastnumber this figurecorrespond to the

four focus areas in this thesis
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Figure 1.3 Intelligent hospital room representation

1.3 Previous Work

As described byFigure 1.3, there ardour key technologieshat are addressed in this
dissertationThe main emphasiwastowards the development of active locdian mechanism
for wireless capsule endoscopesy r € s e n t didst, iaasderfolinbroduce the current state
of theresearchn these areaand define the problem statement for wireless capsule endoscopy, a

detailed literature review is provided.



1.3.1 Background of Endoscopy

Endoscopy of the upper and lower Gastro Intestinal (Gl) tract is considered to be a
routine diagnostic and therapeutic outpatient procedure. It is a procedure for closer and
noninvasive examination of the Gl tract, conducted byrimse of endoscopes through the
human esophagus or rectum. These medical instruments are defined by long flexible tubes that
contain illumination component, lens/camera visual system, and additional tube that enables
introduction of medical instruments amanipulators. Accordingly, they provide diagnosis and
therapy of a wide variety of pathologies that originate in the epithelial tissue. Moreover, upper
and lower Gl endoscopies are considered to be powerful tools in diagnosis of gastrointestinal
inflammatay diseasggastritis, esophagitis, Chrons disease, Inflammatory bowel dig2@se)
cancer[21], varicose venous structur¢®2]. The same procedure can be utilized minor
therapeutic procedures such as foreign body rerfZ8jalscleross/ banding of esophageal
varice$24], esophageal stentifph], and removal of Gl polyp26]. Advances in fiber optics
and imaing technology have greatly improved the visualization capabilities of conventional
endoscopesNevertheless, the reach and maneuverability of tethered endoscopes is limited.
Comprehensive endoscopy of the organs in the digestive systenasw@sophagustomach,
small and large intestines is very difficult, if not impossible.

It was in the earlier part of the last decade when the wireless capsule endoscopes (WCES)
were introduced, which leveraged the advances in telemetry, telemetry (Pillcam, Givamgimag
Ltd.), miniature optics and microelectronics. Respectively, these achievements are responsible
for a paradigm shift in visualization of the Gl tract for clinical diagnosis. Currently WCEs are
approved by the FDA f or t thstinaldleediggrandsnilasnmaiokty Cr o h
bowel syndrome. Due to the size and less invasive functionality when compared to conventional
endoscopes, patients are far more receptive to undergo a WCE procedure. Nonetheless, WCEs
come with major disadvantage over eentional endoscopes because of their passive nature.
They cannot be controlled or conduct biopsy, and targeting specific areas of interest inside the Gl
tract I's simply inconceivabl e. Consequentl vy,
along theGl tract are images acquired at random locations and orientations. These images are
wirelessly transmitted to a recorder worn by the patient around the waist or are saved onto a chip
inside the WCE and then uploaded to a computer once removed from thacGlQnce

acquired, these images aid towards a coarse medical diagnosis.



In view of the current state of the art research accomplishments in endoscopy, the
intention of the work in this dissertation is to contribute towards advancing this technology by
transitioning the behavior of existing WCEs from passive to active. Likewise, it is one of the key
objectives of the research vision previously described, to develop a controllaisiegithedical
which will aid towards more sophisticated medical diageesti

Designing a swallowable device that can replace conventional endoscopes is a
challenging task and requires interdisciplinary research approach with focus on finding solutions
for the following key functionalities presented kingure 1.4 and discussed in more details in,

[27]: locomotion, diagnostics, lokzation, power, anchoring, telemetry, tissue manipulation and
vision. Accordingly, in the past decade considerable research has been conducted towards
resolving some of the fundamental challenges associated with WCE. Out of all the research areas
coveredn Figurel.4, perhaps one of the most influential for the future of medical robotics is the
locomotion mechanism. It is in fact, this functionality that has one of the largest impacts in WCE
technology and what has representednapiration behind the research focus contained in this

proposal.

Figure 1.4 Key functionalities that complementthe wireless capsule endoscopes



Vision: Acquiring and transferringnagesobtained from th Gl tract overto a platform
outside the human body is one objectikat WCEs need to accomplisithe images need to be
of high definition andhouldbe transmitted at around 24 frames per second in order to appear as
a video. This will provide better atrol over the device and will improve the diagnostic
capabilities. The images/video can either be stored on a small hard drive integrated onto the
capsule, or the images can be viewed as they are being acquired. The latter is the more
appropriate researchitiative since real time feed is necessary in cases when biopsy or
intervention is required.

The vision system requires on board hardware composedisiin sensor, lens,
illumination source, image compression chip and optimal sensor (which is ceuingiosharged
couple devicg). Nevertheless, current image sensors capture 2 frames per secoodllecd
around 55000 images from the very beginning to the etlieaiperation inside the Gl traf28].

Since the data transfer between the capsule and the outside platform is rather slow, image
compression islsoessentialThe challenge liein the data trarier when the power is limited

and the sizerequirement is criticalFor future robotic capsules the estimate is 20 or more
compression ratip29]. Besides the ability to transfer imageshmh rate from the capsule, other

great challenge is the quality of the images acquired. A comparison betvesmpsule vision

system and traditional endoscopesbeen presented [130]. It has been determined that capsule
endoscopes are safe method of visualizing the mucosa through colons fluids, however the
sensitivity of detecting colonic polyps, advanced adersoamal colorectal cancer is very low. In
order to obtain better quality images a much more extensive bowel preparation regime on
patients is required.n addition,a greatpotentialis the ability tovisualizethe entire intestine
environment. Even if thetreaming obtained is 24 frames/sec, it does not guarantee that specific
areas are going to be captured. For these reasons, it is highly desired that a 360° angle of view
vision system is availabl§31] in order to make aafedecision on the diagnosis.

Localization: Inside the GI tract, the capsule travels from esophagus through the
stomach to the small and large intestines. As seen from the PillCam capabilities, images of the
tract can bebtained via the integrated camera, howgther exact location of the capsule inside
the body remains a mystery. In order to be able to locate where the images of specific lesions are
taken, an accurate tracking of the-bodot capsule is required. Thagll improve the accuracy

of thediagnosis and it will be able to use this location as a reference for future treatments. So far,
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four methods of tracking the capsule have been explored: radio frequency (RF) triangulation,
magnetic tracking, computer wisi and ultrasound,32]. For both the RF triangulation and
magnetic triangulation, array of sensors outside the body are used to measure the signal coming
from the capsuleUsing magnetic theory for the latter one and a permanent magnet inside the
capsule, an estimate of the location of the capsule can be found. An estimate instead of exact
location can be obtained due to the fact that the signals from the body go thrdegendif
mediums, therefore, delays in acquiring the data is obtalbed.to noise in the signals the
experimental error can reach 8 using RF and aroundrBm using magnetic trackingrF

signals do not propagate efficiently through water environmentaado the fact that the body

is 65% water, RF is not the most accurate localization appraditiasonic pulses emitted
outside the body and echoed from the capsule can also present a way of tracking the capsule
along with tracking othe radioactive mateal placed inside the capsule which velnit signals

that arestrongenough to be detected using radiation cameras, but weak enough to avoid adverse
effect t o t h[&). Therd aredwométisodstwhich lcan be proposed for tracking the
capsule inside the Gl tract. Onétheselocalization method consists of two parts. A permanent
magnet is placed inside the wireless capsule which is located at x, y, z locsitientie human

Gl tract with respect to a reference frame. Since the permanent magnet emits a magnetic field,
the same can be measured using magnetic sensor such astisen3agnetic sensor with
microtesla sensitivity, HMC1043 (Honeywell). This arraynmdignetic sensors can be integrated

on a vest which the patient can wear while the endoscopic procedure is under way. An external
power supplycan beused to power the magnetic detection sensors which cabeistegrated

with the vest. Once the signaldgtected, it is amplified, ran through a control circuit, and the
data is acquired. Using triangulation algorithm an accurate positioning and orientation of the
magnet, i.e. the capsule can be obtained. The focus would be to utilize this existing tgchnolo
and improve it by providing a visual representation of the position and orientation of the WCE
on a display screen, such as laptdhis approachhasnot yetbeentestedbut it is expected to
provide anestimatedvisual representation of the movementtloé capsule inside the digestive

tract. Before the diagnosis begins, a scan of the human body can be obtained using any regular
high resolution technique such as MRI. This will provide the information of the size and shape of
the digestive tract specifico t he pati ent 6s body. This i mage

and opened by computer aided design (CAD) software such as NX Unigraphics or Solid Works,
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which will provide3-D representation of the Gl tract. Once this is accomplishredhterfaceof

the 3D image obtained from the CAD software with Mbview can be obtainedCombining

the 3D image with the data acquired from the magnetic sensor a virtual graphical

representation of the capsule moving through
An alternative to this method would be acoustic wave triangulation and communication

with either i mpl antable sensors or sensors p

coincides with some of the research effgotgrsuedin this dissertation andccordingly is

presented in Chapter 5.3.

Telemetry: Wireless communication is what makes WCEs the state of the art medical
device.The Pillcam uses unidirectional communication. It acquires images from the Gl tract and
then transfers them to a receiver ¢ the body. Forfuture WCEs, however, the
communicatiorhasto occurin both directions. In one directiptheacquired images are sent to
the receiver and in the other direction commands from an external controlleman® $bhe
actuators required tpropel the robotic endoscaop®/ired endoscopes can obtain HD quality
1920 x 1080 pixels per frame at 30 frames per sec@uk to thelimitations of thecurrent
technology, this is a very ambitious goal for WCEs. Instead, reseéfiat should put more
emphasis orthe power efficiency and data rate. For wireless control of the motors the ZigBee
technology seemt® most promising with 250Kbps. On the othend for image transmission
and data transfean innovative new method known as eledtrfield propagation which uses the
human body as a conductive medium could potentially be U$esl.method haslemonstrate
the capabilityto transmit data attes of 10 megabits per secdid].

Power: Piezoelectric motors are characterized with high force, fast resgonsppwer
requirements and miniaturization capability which nsatteem favorable over other actuators
such as:shapememory alloys, electromagnetics motors, electro active polymers etc. As a
reference, the Squiggle motor (New Scale Technologies), sntalestcommercialmotor with
power requirements of <300mW. Thus, use of piezoelectric is quite poRitiveevelopng
locomotion mechanisms using piezoelectric actuators. Current designs such as the PillCam and
the Olympus wireless capsules use watdtebas with 3V at 55mAir and can deliver 20mW of
power. Other researchers have ukigdium Metal Oxide battery TLMLO30 batteries, which can
provide enough poweequired forboth DC brushless motorated at430 mW and the real time
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vision system whie requires 180 mW. With this battery the 12 legged caps{BZ$ can
conplete a 30 minute colon transit.

In orderto reduce power consumption, the design oMHeEscan besuchthat the robot
can be activated only at the area of interest. At any time before the desired section of the Gl tract
hasbeen reached, the capsule can take advantage of the peristalsis and therefore save energy.
Besides, having an on and off switch, alternative solutions such as wireless power transmission
and energy harvestingre worth investigating as welWireless poweitransmission can be
created using inductive coupyinThis concept is presented by Carta ¢88], where power can
be derived from a magnetic field established by an external solenoid coil. The sygitysean
set of orthogonal ferrite (3D) coils, embedded in the capsule, and an external unit driven by a
class E amplifier. The system delivers 300 mW of power from the bagedtathe capsule.

Diagnostics and Tissue Manipulation:The invention of thePillcam has revolutionized

endoscopy because of the ability to wirelessly obtain images from the GITinacapplication
continues to gain attention fromesearcherand many new concepts are being pursuedhisr
medical imaging device. In fact, bes&lthe ability to diagnosthe patients by only visually
identifying the abnormalities inside the digestive tract, the research fodagestowards

integration of orboard diagnostic system. Sensors that will measurelthdevel, pressure,
oxygen concemation blood chemistry temperature etc. are just few examplest have been
proposed[36]. For example, by measuring theH level and pressurd37] diagnosis b the

gastroesophageal reflux disease can be obtained.

Moreover, besides sensing, biopsy is probably the most desired functionality for future
WCEs. By collecting a sample from a tissue present in the digesdiste medical doctors can
provide much more confident diagnosis for any disease. Conducting biopsy in the GI tract
requires that 1mrhof tissue sample is obtained and then analyzed witf#irhaur of extraction,

[38]. Some biopsy tools that have been developed for WCEs are discuE3@diij.

1.3.2 Locomotion Mechanisms

Multiple factors aid towards the efficacy of swallowalrobots among which the
locomotion component has one of the largest impact. Still in their infancy, the WCE robots have
long way to go before they can be used inside human patients for diagn@strcsnt

locomotion mechanismean becategorized in twayroups: external and internal to the body.
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External systemsdo not require actuation mechanisatheronly a magnet enclosed inside the
capsule. A corresponding external magnetic field in this case is used to control the motion of the
capsule inside the by through controlled attraction and repulsion. On the dthadinternal to

the body locomotion mechanism enclose the eststemwhich includes: actuators, linkages,

legs, batteries, and on board electronics. Both types of mechanisms have advamiages a
disadvantages. Some of the more obvious ones are that the external locomotion does not need
additional power or onboard electronics to propel the capsule, while it can still provide large
forces and torquebatassiss the motion through Gl tract. Théisadvantage is the large size and
complexity of the system that is outside the
the capsuleThe internal locomotion system even though requires complex system of elements
stored inside the capsule aslives additional power storage to drive the mechanism; it does have

a very valuable advantage. It can provide more accurate locomotion and the patient will not be
limited to a hospital environment, instead he/she can swallow the pill and go along viigr his/
normalday, while the WCE scans the Gl trathis is significant as far as the patient adoption of

the technology is concerned and thus internal system represent the future of this teahhology

next sectionljiterature review on some of the mosipular internal locomotion mechanisms is

presented.

1.3.2.1 Internal Locomotion Mechanisms Review
Severallocomotion mechanismiave been reported in literaturghat has certainly

increasedhe interest in thefield of wireless capsule endoscopy. This sectidglh vprovide an
insight in to the stateof-the-art, covering some of the notable advancemeffisst, an
introduction to various acttian mechanismshat are relevant towardthe design of WCEss
provided These actuators are: eleetmagnetic, piezoel&gc, shape memory alloys, pneumatic

and electreactive polymers.

1 Electromagnetic actuators are the most traditional actuatargl a wide variety of
designs ixommercially available. They cdoe obtainedn different sizes and shapes and
with varyingoutput capabilities: rotational and linear. Their efficiency goes down as the
size of the motorreducesbut they are able to retain torqueelocity and other
performance characteristiemough to meet the requirement for various platforhneir

miniaturizaton is much more complex and sometimes even not feasible when compared
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to other actuatorsMany drivers/controllersare easily available for controlling the
electromagnetic actuatorMoreover, since size is a limitation, in WCEs they are only
used inthe rotational mode. This means that their integration requires gearing and
additionalmechanical assembly thaill convert the rotational motioof the motorin to

a desired motiorrequired topropel theWCE. Electromagneticsire very affordable and

are themost common actuators used in tesign oflocomotion mechanisrfor WCEs.
Piezoelectric actuators are commonly used hiigh precision applicatios where high
sensitivity and fast time responsis required. Unlike electromagnetic motors,
piezoelectric mots have higher efficiency at lower size. They canié&eelopedeven on

the MEMS scale. They can be used to create both rotational arat lmation while their

size remainsmall. Nevertheless they usually need high voltage input, which makes the
driver/cantroller more complex thathe electromagnetic motorgidditional advantage
arethat theyare completely nomagneticand are nofilammable. Because of their high
precision, small scale design, vibration characteristics and low power requirements, these
actuators were selected for the locomotion mechanism presented in this dissertation.
Shape memory alloy actuatorsare the most traditional musetigpe actuators on the
market. They usually come in a wire shape, which makes them attractive when size is of
great importance. Unlike piezoelectric they have a slow response time since they are
actuatecelectrically by joule heatindJsually, they are operated at frequencies below 1
Hz, since it takes time for the SMA to hesh and then cooldown to its reference
temperaturéoefore it achieves one full cycle. SMAse characterized with hysteresis,
which makescontrol more difficultwhen compared to piezoelectric and electromagnetic.
Theyalsorequire more poweto operate them when comparedhe previous actators
discussedThey however can produce large force aadalso be integrated in many bio
inspired designs due to their muscle type actuatagability.

Electro-active polymer actuators are soft type actuators which are dominantly used
thedevelopnent of artificial muscles. They are stimulated by electric field and their main
advantage is large strains and large forces. There are various types of electroactive
polymess: dielectric, ferroelectric, ionic, electrorheological, liquid crystalline etos
commonly used in the WCE application are the dieleanes which usually require

high voltage but low electrical power consumption.
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1 Pneumatic actuators convert the energy from a compressed air into a mechanical
motion. They are classified with higitrength and also good response time. A great
disadvantage in the WCE design is that lines of air need to be attached to the capsule in
orderto produce propulsianThis consequently eliminates the wireless part of wireless
capsule endoscopes. In additicontrol and leakage of the pneumatic actuatorsatsm

represena significantproblem.

According to thepublishedliterature on WCEs, the internal locomotion mechanisms can
be categorized in the following three groups: legged type, inchworm/earthwpenamdother
innovative conceptdt is important to mention that some of the most impressive work on WCE
locomotion mechanisms has mainly been conducted (Damb)edn legged type mechanisms
and (Kim etal.) on inchworm or earthworm type mechanisms.

Probably one of the most influential design in terms of operation and small scale
manufacturing capabilities that had gone into the development is the 12 legged pahsiie
This robotic capsule has most of the required endoscopic functionalities such as: vision system,
power andelemetry while maintaining a capsule size of 11mm in diameter and length of 25mm.
The legs are fabricated from Nitinol, which due to the high elastic properties creates a gentle
interaction with the walls of the intestines. It uses electromagnetic maiamed with lead
screw and gear train which converts the rotational motion into a specific gait that the legs use to
propel the capsule. The total power for this design has been reported to be 430mW and the
speed, 50mm/min.

Another legged type mechanisimat also uses electrnagnetic actuator and has attracted
attention in the media and research community is presen{d@,id4]. The novelty behind this
mecharsm is the use micro pillar adhesives on the legs of the capsule (manufactured using
lithographic techniques) in order to assist with propulsion as well as anchoring. The inspiration
behind the micro pillars was drawn from gecko feet and beetle foot bailike the 12 legged
robot, the legs used in this design do not use hooks to grab onto the walls, but instead adhesive
patch which drastically lowers the risk of injuries that can occur onto the intestine wall. The
presence of the adhesives increasesrhbgon as much as 200%. The total power requirement
for this WCE robot is 450mW and can reach speeds up to 13mm/min. The total size of this

capsule is 33mm x 15mm.
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Besides the legged mechanisms, the earthwiterlocomotive mechanistavealso been
devebped and one such design is presentptbjn This mechanism is operated by impact type
piezoelectric actuator which can achieve strokes up to 11mm. In order to generate enough
traction with the walls of the intestines, clamping device mimicking claws of an insect were
fabricated. Tk speed of the capsule was 2.23mm/s as tested on dead porcine intestines. The total
size of the robot was 15mm in diameter while 30mm under retraction stage and 41mm under
elongation.

Similarly robots have also been developed by (Kim €i4&l)47]. These robots also use
micro-hooks as a clamping device, but unlike a piezoelectric actuator, they useaynmear
shape memory alloy (SMA) spring actuators. For the one presen{dd]jnmicrohooks with
di ameter of 180&em we manetic slangingtelement envthe WEEP. The he b
total size of the capsule was 13mm in diameter and 33mm in length. The speed of the robot was
measured as 14.7mm/min while 300mA of current was usadttiate the SMA springs.

A novel locomotion principle was developed and presentdd8nhusing SMA actuator.

The inspiration behind this design is from the movement of maitassystem. The locomotion

is achieved by number of steps which correspond to opening and closing of the hind cilium in
different order. The size of this capsule was similar to the other one, 11mmx35mm and the speed
was as high as 24mm/min. Similarly to the other ones, this one as well underwent test in dead
porcine intestines.

Besides the endoscopes that belong either to tigedegr earthworm/inchworm type, other
types such as paddlingl9] and screw typg50] endoscopic mechanisms exist as well. Both are
very simple in design and the more effective in termpropulsion has demonstrated to be the
paddling one. This design had demonstrated speed87B8m/min while requiring <1W of
power.

All of the summarized state of the art WCE robots share similar dimensions (length and
diameter) and pilike resemblingdesign. Additionally, their mechanism is mainly based on
actuators such as: electromagnetic, piezoelectric and shape memory alloys (in the order of most
least popular), all of which affect the speed, torque and power requirements differently.
Neverthelessthe most important outcome of the literature review is identifying that besides the
ability to produce locomotion; these designs also possess many disadvantages. Some encompass

sophisticated mechanisms which provide effective locomotion characteristiile keing
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associated with higy complex designs, which leadwards large space requirements and high
manufacturing costs. Similarly, addition of mass (elements that compose the locomotion
mechanism) to the system will drastically affect the efficienoy power requirement, which is
already a significant challenge in WCEs. Moreover, none of the existent concepts has steering
capability and many can just propel in one direction (either forward or reverse). As a result of
these missing functionalities, ghiechnology has not yet reached readiness level for medical use,
therefore leaving the door open for other research discoveries.

Because some of these reasons, an attempt has been made in this dissertation to develop
novel solutions to these existent plevhs. Accordingly a legged type and body propelled, both
using traveling wave phenomenon have been investigated. As it will be seen, the idea behind the
legged type has been inspired by the locomotion capabilities of millipedes and/or centipedes. As
a reslt emphasis has been on the development of actuators that will directly represent the leg of
the capsule and therefore avoiding any additional linkages and gear trains inside the capsule.
Even more promising solution that is presented in Chapter 4 islpiap@achieved through the
generation of traveling waves on the surface of the capsule, while freeing the entire space inside
the capsule for power storage, on board electronics and vision system.

1.4  Dissertation Structure
The dissertation is organized adatiog to thevision shown inFigure 1.3 Intelligent

hospital room representatiofhe device represented byrilthis figure isthoroughly discussed

in Chapters 2, 3 and Under the theme & wireless capsule endoscope with actbe@motion
system. Tis study is an attempt wwards developng a locomotion mechanism for current
Pillcam type of deviceswvhich function asa passive wireless capsule endoscope for inspection
and diagnostics of the gastrointestinal Gl Tract. derall objective of a robotic WCE is to be
equipped with not only a vision system (current Pillcam) but also a diagnostic lab on a chip
module biopsy instruments, and a locomotion mechanidsing this advanced WCE, oran
perform delicate surgical procedurasregular diagnostics througtutomated control functions
available on the mobile or other computing devi€&isapter 2 discusses the concepts and theory
behind the development of piezoelectric actuatibvat were fully characterized and then
implemented nto a locomotion mechanisdescribedn Chapter 3. Chapter 4 presents a novel

mechanism based on the combination of piezoelectric actuation and traveling wave phenomenon
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through solid structures. The study demonstrates the capability and potentialroéthignism
to be used agropulsionfor WCEs.

The devicer e pr es e20t ¢ eh & $ e (and discussed iCHapted 5) is another
device which not onlgan be useds a diagnostic tool balso asa surgical tool. The device is a
multifunctional image gided (MIGS) platform composed of three elements: optical coherence
tomography (OCT) probe, laser scalpel arstanningpositioning stage. By utilizing this device
as a norinvasive medical tool, the surgeon can perform delicate and intricate procedures o
patientsat limited depthsThe OCT probe is used as a visual guidance and the positioning stage
is used to conduct a scan tife desired areawvhich results ina 3D image of the tissue
topography underneath the skifhese images guidie surgeoras towhere the abnormalities
are present anthen position the laser scalpel to that areeréate an incision without affecting
the nerves. Thetudy was conducted in collaboration with a team of biomedical engineers with
focus of this thesien the developent of the scanning and positioning stage.

The device r epr e sl8istescdbedinChapte 6.2Thimmdevie@isgau r e
shape memory alloypasedthermal energy harvestehat recoversthe waste heat from hot
water/steam pipes ithe hospitds. The objective for the energy harvestetaghe power the
many RFID and other type of sensors that will have a role imth@toring of the environment
and patient related physiological factoihe harvesteproposed in this studgan be easily
attached toany hot source and generate enough energyoteer the distributed wireless sensor
network. The shape memory based advantages has several advantrgbe conventional
thermoelectric generators aescribedin Chapter 5.2and the results demonated that this
architecture could find much wider usage besides buildings

The device repr esentiedscussed ithdpber 5.3mhistddviee Fi gur
represents carbon nanotube (CNDasedhermo acoustic speaker which can find fegeboth
acoustic localization and sound theraBpme of the advantages@NT based sound generation
devicesare theirdimensions and nemagnetic naturgvhich makes them promising candidates
for i ntegration with wi deTheyae fiextble ynd trdnspagenqtu i p me
which makesthem suitable for wearable and decorative compondrte sound generation
componentan be integrated inside the human bémlydata transmission and communication.

The advantage afsingacoustic waves over RF on@side the human body relatedto the fact
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that water composes 65% of the human body. Because acoustic waves outiherfBifwaves
under water, it makes sound a promising modality for communication

Lastly, Chapter 6 summarizes the work conductetthimthesisand provides future
direction for the technologiesvestigated hete
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Chapter 21 Piezoelectric Actuators: Concept and Theory

Before designing a laenotion mechanism for capsule endoscopes used in examination
of the gastrointestinal tract, which otherwise is difficult to accomplished with traditional
endoscopes (such as examination of the small intestines), it is important to begin at the
fundamentalevel. As a result, this chapter focuses on the development of the actuator behind the
propulsion mechanism of a legged type WCEccordingly, thefocus of this chapter is to
presentwo piezoelectric actuators developed using bending mode excitatiaipj@inThe two
actuators presented areShape piezoelectric actuator aneSbape piezoelectric actuator. Their
concept and principle of operation is presented first, followed by a theoratiabisiswhich
was developed in order to predict the responfs¢éhe system and for parameterization and
optimization studiesThe analysisencompasses two modefsiite element piezoelectrimodel
and distributed parameter piezoelectric modée theory developed and preseritefbr the L-

Shape piezoelectric motosince the modeling approach foretk)Shape piezoelectric motor
would follow theidenticalsteps

2.1 Introduction
In order to develop a locomotion mechanifon wireless capsule endoscop@&CEs

piezoelectric actuators were selecfElis chapter focusesndhe development and design of two
novel piezoelectric type actuators which represent the fundanedataéntof a leggedWCE
locomotion mechanisnihe reason behind using piezoelectric actuatorses from theiunique
characteristicsrreasonable combitian of torque and speedjuick response, no backlash,
simplistic design, miniaturization capabilities and high efficienciesnatiature dimensions
Therearemany types of piezoelectric motthrathave been developed and presentdderature
andseveal commercial products are availabkeven though they allavea uniquedesign they

can be classifiedn two categoriesas eitherQuaststatic anéor Ultrasonic motorg51]. The
Quasistatic motors can either follow a stepping or inertial principle. Motors following the

stepping principle are called clampiiitype motors whereone set of actuators clamp to the

! Some of the work discussed in this chapter was published in IEEE UFFC. The following are the citations:

T  Avirovik D., Priva S., "l-shaped piezoelectric mot®art |: Desig and experimental analysis”, Ultrasonics,
Ferroelectrics and Frequency Control, IEEE Transactions on:398§2012)

T  Avirovik D., Karami M.A., Inman D., Priya S., “khaped piezelectric motopart Il: Analytical modeling",
Ultrasonics, Ferroelectrics and Frequency Control, IEEE Transactions on;Z012812)
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rotor, while another set is unclamped andvestowards a new clamping lodan, in the process
creating forward or backward movement. The indrtjgde motors[52] use their inertia and
difference betweethestatic and dynamic friction to credtee motion.

Ultrasonic piezoelectric motors on the other side can be classified into five categories
basedupon the shape of the stat¢b3]: longitudinal vibration[54], composite mode of
longitudinatbending vibration[55], composite mode of longitudinrtdrsional vibration[56]

[57], bending vibration[58] and inplane vibration[59]. Exciting at least two orthogonal
resonance modes of the stator vibratesultsin generation of an elliptical motion on the stator
suiface. The statorsf these types of motors may have some additional elastic part, which is
called a vibration coupler or a concentrator. Single mode vibrations on the piezoelectric element
are converted into a multhode vibration at the tip of the conceator. Either exciting two
different electrode groups one at a tjnee tuning the driving frequency of the vibrator to a
different orthogonal frequency paicontrols the rotation or direction of the linear motion. If
multi-vibrators are used, either thabration or orientation of the vibrators needs to be
orthogonal. In this type of motor, superimposing two orthogonal single mode vibrations with a
phase shift generates elliptical motion.

Multiple commercially available piezoelectric motors weangtially investigated as
potential candidates in the drive tramf the wireless endoscopmcluding New Scale
Technol ogyo6s [@guiNpgloemomotogol s nHR MEer ome 6s Pi e
[62]. The HR series motors and PiezoLegs motor from Micromo can achieve velapittes
150mm/s and 12mm/s, respectively. Thieyymeet the torque and resolution criterion; however
their size is too big to be considered WICEs On the othehandthe Squiggle motowas
identified as a good candidatgth impressively small size arsdtisfying torqueand velocity of
10mm/s. However, the cost of all of these motors is extremely high and any further scaling
increases the costven morethus limiting their applicationlThis is oneof the mainreasonsvhy
an initiative was taken to develowvel costeffective piezoelectric motorsuch as thé.-shape
and UShape actuators.

As it will be seerlater in this thesisadditionaladvantage of the l-Shape and tShape
piezoelectric actuatorever the previously mentioned motaase evidentdue to their simple
design, low manufacturing cost, ease of maintenanegpensive scaling and direct integration

onto a locomotion mechanism as it will be seen in Chapter 3.
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Piezoelectric elements are highly capacitive and their power requirements can be

expressed a$63]:

p(t) = % CV?wsin 2 ut (2.1.1)

where the power is dependent on the applied voltage, capacitance and frequency. From this
relationship it can be established thtae power consumption is directly proportional to
frequency. Therefore another advantage of #&hhpe and t$hape piezoelectric motor over the
ultrasonic motors is precisely due to this relationsiiite operation will be in a region much
below the ultrasonic onélaving operating frequency in the ultrasonic range does not disrupt the
human hearing and therefore it Hhatadvantage over the low frequency motors. However, the
L-Shape motor was designed such that its optimal freqyuef operation is below 300Hn@ in

the WCE application the frequency will be even lower <20Hz which will haneghgible effect

on the human eam addition, it is safer to operate at lower frequencies to reduce the electrical
fatigue. In any structure, whether it is homogeneoua composite, defects are more likely to
originate at higher frequency of vibration especially at the bonding interf&aether
miniaturization of piezoelectric motor is also a very important factor. This can be achieved if the
structure and driving aiuit of these motors are simplified so that they cambeaufacturecdat

low cost. One of the most suitable structures for miniaturization of piezoelectric motors is the
multi (or mixed) mode excitation type which has been the pursuit in this #woily, designing

a driving circuit for low frequency is simpler then designing one th@ high frequency
operation.

As shownin this chapterboth thelL-shapeand UShape piezoelectric motor utilize
bending modes aofwo bimorph actuat@ Since the structurend poling configuration of the
active piezoelectric bimorph el ements used ar
miniaturization. The work presented inhis chapter encompasses the concept design and
principle of operation of the two actioas followed bythe theoreticalanalysis The theory uses
finite element model (FEM) and distributed parameter model approach topradistingthe
response of the motors. The theory presented in this dissertation only focuses eBhéyeel
piezoelectit motor, since the modeling approach follows the same steps for8mape motor
as well. In Chapter 3, characterization of the two actuators as well as their integration onto a

locomotion platformwill be covered
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2.2 Concept Design and Principle of Operation

There have been limited studies on the bendibgnding type piezoelectric /ttdsonic
motors. In this category, Squiggle taphas shown promise due to its small compact[§ide It
utilizes two bending modes which are created using orthogonal piezoelectric plates bonded to the
outside of a metal cylinder. Another example of bending type ultrasonic fiediouses the first
bending vibration mode. It consists of a cylindrical stator, Ti, onto which PZT thin film is
deposited. Four electrodes were attached around the circumference of the cylinder, which once
excited with phase difference oD®@with respect to each other result in a wobbling motion.
Kurosawa[58], designed a bar type traveling wawge ultrasonic motor with dual rotors. A
piezoceramiavas dvided into four areas to excite two orthogonal bending modes, and therefore
generate an elliptical motiorAll of these motors share similar concept in the design and
operation principle. Unlike most bending type motors, tiehlape motor has a unique dgs
which makes it less complex, novel in its operation and rather intriguing.

For piezoelectric motors, highest torque, displacements and speeds are achieved by
operating in the vicinity of resonance. In the motor design, two piezoelectric bimorphsethount
as cantilevebeamdorm the foundation of the structur€he twobimorphelementsvere excited
at their ' natural frequencyFigure 2.1 shows an illustration of the*1mode shape of a
piezoelectric bimorph cantilever whereltage is the forcing function. During this excitation, the
free end of the bimorph exhibits highest deflection.

I

I
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Figure 2.1 1**Mode Shape of a Piezoelectric Bimorph with Clampé&tee Boundary
Conditions

2.2.1 L-Shape and UShape Piezoelectric Motor

In order to implementhe two mode excitation principlewd piezoelectric bimorphs

were attached normal to each other in aBHape and t$hape formation as shown kigure
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2.2. The bimoph standing vertically is termed as theseof the motor and the bimorph mounted
horizontally is thewing as shown irFigure2.2 (a). Similarly, the top bimorph is the base and

the bimorph below is referred to as the wing in th&hape motoasshown inFigure2.2 (b).

The boundary conditions for the motor can be described in the following way. The base is
clamped at one end and it is free on the other Anéhe free end, the base is connected to the
wing via a coupler. Besides acting as an-adhtered tip mass to the base, the wing is an
important part of the motor, where one end is attached to the free end of the base through the
coupler and the other end is free to oscillate. This motor generatgsnnin X, Y and Z
direction. Even though the motion of the motor is in three directimmsnalysis and the theory

will focus on characterizing the motion &aettip of the wing in the X and ¥irectionfor the L-

Shape motor and in the X and Z direntifor the UShape motor This is because largest
deflections arepresent in the XY and XZ plarfer the L-Shape motor and Shape motor,

respectivelyand this motion is large enough to illustrate the functionalith@emotor.

MotioninY
Coup\ef\ [
“ \N\ng )
Wo(‘o“\
.:5 Base
Motionin Z Té‘ 'l |
- © Wlng Camp
Mo :
(a) (b)

Figure 2.2 Piezoelectrianotor structure and 3D orientatioifa) L-Shape piezoelectric motor,
(b) U1 Shape piezoelectric motor

Since both actuators shared the same dynamiesth the motor¢L-shape and t$hape)
and the differenewasmainlyin the geometry and the orientation of the piezoelectric bimorphs,
thustheaeticalanalysiswas conductedn one ofthe designgL-Shape motgrand it is expected
that the analysis can be easily extended to the other d@signis becausd is safe to assume
that both motors will achieve similar dynamics and respoasé®e interest isn generation of

elliptical motion at the tip of the wing.
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The principle of operation of the-Bhape piezoelectric actuator is showrFigure 2.3.
The elliptical motion generated at the tip of the motor is represented by six different steps
corresponding to six different time intervals, shown in the imagégure2.3(a). The first signal
is responsibledr actuating the base and the second signal for the wing. The frequency for both
signals was the same corresponding to theatural bending mode frequency of the base and
wing. The image irFigure 2.3(b) shows two sinusoidal ltage signals 90° out of phase with
respect to each other. The actuation begins with initial conditions set to Tdezanitial
conditions of the motor correspond to step 0, where gtrie(power is being supplied to the
motor and therefore the motoemains instaticequilibrium In step 1 voltage signal (red solid
line) is delivered only to the bas€his results in excitinghe base at the®lbending modeln
step 2, a sinusoidal signal 90° -@itphase(blue dotted line)is applied to the wing, thefore
actuating the wing at its first resonance. During this steppitageis applied at the base which
brings itback toits initial unstrained form, while the wing is the only element beicmatedin
step 3 the voltageapplied to the base is negae and the voltagepplied to the wing is zero.
This results inactuation of the base in the opposite directmthat obtained in step 1, while the
wing returnsback to its initial state of zero straim step 4, the base is actuated back to its Initia
position and the wing is actuated in the negative direction due to the negdtageinput. In
step 5 asingle elliptical motion is created’he steps continue to repeat, and the motor continues

to deform as long as the above sequence is implemented.
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Voltage (V)

Figure 2.3 Principleof Operation: (a) Motion of the-EhapePiezoelectridvotor; (b)Sinusoidal
Voltage Signals Delivered to the Base and Wing.

2.3  Theoretical Modeling

In order to better understand the dymes of the piezoelectric actuators presented in
Section 2.2, two different theoretical models were presented and established: finite element
model (FEM), Sectior?2.3.1 and distributed parameter model section 2.8nce again, the
theoretical models inctied in this dissertation are focused towards tHehape piezoelectric
motor, since the dynamics is very similar and the only difference is the geometry. One can use
the models presented in this work and expand it to Hsh&pe piezoelectric motor on aoher

configuration of the piezoelectric bimorphs.
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2.3.1 Finite Element Analysis
For L-shape motor, the two bimorphs should be actuated at tfefredding mode

resonance frequenciaghich should be in the vicinitio each other. In this motor, the base acts

as a cantilever beam with a tip mass equal to the weight of the wing. On the other side, the wing
acts as a beam constrained by the base at one end and free on the other without any tip mass. In a
cantilever beam structure, the relationship between thenamese frequency and tip mass is
inversely proportional. This means that, as the mass of the tip increases, the natural frequency
decreases. Also, if the width and thickness of the beam are kept thebsdrtiee length of the

beam changes, a similar retatship between the length and natural frequency can be obtained.
The increase of length in the beam causes the resonance frequency to go down. Following these
implications aFEM of the piezoelectric motor was developed. ATI[#9] was used to model

the motor in order to obtain optimal geometry as showtigare2.4.

In the FEA a hexahedl mesh was used for the structure, driving voltage was kept at
2V, and the boundary conditions were based on the concept design shbignrs2.2. The
geometry of the bimorphs is defined Trable 2.3-1 and the appropriate parameters for the
piezoelectric material along with the material properties of the bimorphs are listatle®.3-2
andTable2.3-3 correspondingly.

Coupling element

27mm - Wing

Variable -Base

Clamped at this end

Figure 2.4 ATILA Model of the L-Shape Piezoelectric Motor
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Table 2.3-1Geometrcal Properties of the Piezoelectric Bimorpked in the ATILAAnalysis

Dimensions (mm)

Free

Thick
0.6

Long Wide
35 2.5

Length (mm)
28

Table 2.3-2 PZT-5X45 Properties Used in the ATILA btel

Mechanical Compliance Piezoelectric Coupling

Relative Permittivity

0
(—) ) - y@urpm =

Y 16.5E12 Q 741E12 - r 3130

Y -14.78E12 Q -320E12 - TI- 4500

Y -8.45E12 Q 750E12

Y 20.7E12

Y 43.5E12
Table 2.3-3 Other Materials Used in the ATILA Model

Carbon Fiber APC Plastic PZT-5X45

Youngos (M. 210E9 4.1E9 N/A
Poi ssonds | 0.74 0.4 N/A
Density Q1@ ) 1800 1400 7600

A harmonic FEA of the piezoelectric motor for a range of frequencies between 0 and

500Hz was conducted for three different scenarios, where, by manipulating the geometry of the

motor a common frequency wésund. In the first scenario only the base was actuated while the

wing was treated as tip mass without any piezoelectric properties. In the second case, the wing
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was actuated, while the base was modeled as a support for the wing. In both cases, tbé length
the base was modified until the natural frequencies for both elements matched. Once an
acceptable length of the base was obtained, a complete model of the motor was developed. In
order to show how the base affects the resonant frequency, two mothedpazoelectric motor

were generated. In both models the bimorphs share the same properties and parameters for the
piezoelectric material except for the length of the base. In the first model, the free length of the
base was 9mm and the free length efwing was 27mm. In the second model, the free length of

the base was 11mm and the length of the wing was 27mm. The impedance vs. frequency curves
for both cases are shownhkigure2.5. As noticed in Fig. 5(a), the resonance frecy between

the base and wing is slightly different, 263Hz and 288Hz respectively, however in Fig. 5 (b) it is

— Th

. Wing actuation
Base actuation

— |[mpedance Response of Base - ATILA —Impedance Responseof Baée - ATILA
===Impedance Response of Wing - ATILA === |mpedance Response of Wing - ATILA

Impedance(Chm)
=)
Impedance(Ohm)
=)

104 il iliii} HEE R R AT, i oAl B R Ll I B R
10° 10 10 10> 10° 10’ 10° 10°

Frequency (Hz) Frequency (Hz)

(a) (b)

Figure 2.5 FEM Impedance Frequency Relationship for Base and Wing, (aeBlength =
9mm, Wing Length = 27mm, (b) Base Length = 11mm, Wing Length = 27mm.

The geometry from Fig. 5(b) was then used to create a complete model of the motor
where both the wing and base were actuated by sinusoidal signals @®pbase and havin
amplitudes of 1VA representation of the motion generated in thei Y22 plane is shown in

Figure2.6.
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]

Figure 2.6 Simulation of the kshaped Piezoelectric Motor using ATILA

2.3.2 Analytical Modeling of L-Shape Piezoelectric Actuator

The work presented in this section discusses the developmentao@bicalmodel for

the L-shaped piezoelectric motor through distributed parameter appiaelemphasis is on the
development of a precise analytical model which can predict the dynamical behavior of the
motor based on its geometry. The motor was first modeleshamécally to identify the natural
frequencies and mode shapes of the structure., Midtromechanical model of the motor was
developed to take into accouhe piezoelectric effect anthe dynamics of LShape piezoelectric
motor were obtained as a fuimet of voltage and frequency. Finally, the analytical model was
validated by comparing it toothexperimental an&EM.

Some of the advantages of this model over a FEM and experimental model are the fast and

accurate analysesvhich consequently makes timeodeling more user friendlyThe analytical
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model allows parameterization and optimization of th@hape motor as well as opportunity for
scaling the prototypdn addition, by varying the parameters of the motor, the model can predict
the dynamics at thtip that can be used to analyze as to how the motion will affect actuation of
the WCEs.

It should be noticed that this study does not include a stator/rotor contact model and it is
limited to analytical model of a free stator behavior. The contact ketivee stator and rotor is
highly dependent on the friction between thdius, additional analysis is required to determine
the criterion for optimum contact surface. The motion between the tip of the motor and the
mechanical load is discontinuous and 4tioear; consequently it requires intensive modeling
technique. The assumption is that the response of the stator is not affected by the mechanical

load, as long as the mass of the load is smaller than the piezoelectric motor itself.

2.3.2.1 Mechanical Model

Theprocedure for developing an analytical model of a complex structure such aShapé
piezoelectric motor is to break it up in smaller elements, approach each element individually and
combine them at the end to obtain a complete model. The foundatioa afalytical model was
t he mechanical system (first step), which was
this approach, boundary conditions (BC) and equations of motion (EOM) are derived that allow
obtaining natural frequencies and modep&safor the system. The electromechanical model
(second step) takes into account the piezoelectric elements and uses voltage as a forcing
function. In the final stage of this paper, a comparison between the analytical, finite element and
experimental mode$ presented.

The necessary factor before the Hamiltonés
of the kinetic and potenti al energy of the sy
approach in modeling piezoelectric motors includinaveéling wave ultrasonic motof66],
bimodal ultrasonic motorfg7], and ultrasonic rotary mot88g].

A schematic diagram of the 3D orientation of the motor is presentéigiume2.7. It can be

identified from this figure that the actuation of the base resulM/ isplacement in theZ,

direction. As a result of the flection of the base, a motion of the wing will occur in g, Y,

plane even if the wing is assumed to have no actuation properties. As such, the wing can exhibit
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axial (U,) displacement and rotational motianoundy;. On the other side, when the wing is

being actuated via input voltage, it bends in tle direction by W, distance. In addition the

bending of the wing is responsible for creating a torsional vibration onto the base. The angle

representing the torsion in the base is identifiett a¥his coupling occuing between the base

and wing results in three XgX,&sdrettiort.i on of the

Coupler .
TN
SN U

Y2

3 — Base twist due to bending of wing

W1 - Base bending direction

W2 - Wing bending direction

U2 - Wing axial direction, due to bending
of base

Base

Covsiee
Clamped end

Figure 2.7 Piezoelectric motor structure and 3D orientation.

Understanding the dynamics of the motorswhae single most important factor in defining
the energy terms of the two members open frame structure. The kinetic and potential energy for
the base and wing are defined by Ex3.1), (2.3.3) and(2.3.6), (2.3.8) respectively.

1y 1, - 1
T=oRmw dy £ ([ Fdx 5 Mwl, (231)

where the first term is the translational kinetic energy due to bending, the second term is

rotational kinetic energy due to torsion (as a result of the bending vibration of the wing)eand th
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third term is kinetic energy of the tip mass (the mass of the wing together with the mass of the

coupling element). Both the first and second term are integrated over the entire length of the

base,l,. The polar moment of inertig, , for piezoelectric bimgh can be described as:

1 a4 ah+h B
=2 rph? 2 rp%—zbh; bhpge—zp 5 (2.3.2)
g -

The potential energfpr the base is defined as:

_lu, Apfw 0 1, o pé

where the first ten is the potential energy due to bending and the second term is potential

energy due to torsion. The bending stiffness for a piezoelectric bim¥drph,given a§69:
c
5 — ¢ (2.3.9)

The torsional stiffnes§J, is rather difficult to calculate analytically for a thieger composite

beam structure. Thi&J was determing from an ATILA FEM static load model. Piezoelectric
bimorph with the same properties as that used in the analytical model was modeled as a
cantilever beam. At the free end, torque was applied across the width of the beam and the
torsional stiffness was ltailated to be 0.0028N/m:

Gl=— (2.3.5)

wheret is the torqe applied, L is the length of the beam a@nthe angle of twist.

For the wing, the kinetic and potential energies are given as:

T, =

Nt

g mueax 25y d 239)

Im,
et 2dtcing

NI
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where the first term is the translational kinetic energy of the wing, second term is the kinetic

energy due to bending, integrated over the entire length of the lyjramdthe third term is the
rotational kinetic energy abouf, which appears in the equation as a result of the moment

created by the wing. The moment of inertiawas approximated by the following expression:

1

, 1
L=3me(l, €, 9° ¥m(L 9§48 (23.7)

where e is 2mm and it is included in Eq2.3.7) to provide a closer approximation of the
moment of inertia. It is the section of the wing which is located inside the coupling element. The
potential energy of the wing comes only from bending as seen below:

2,
! W, O
V=2 Y a2 oix, (2.3.8)

¢

NI
RS

With the kinetic and potential energy foreth system defi ned, t he Ham
applied to derive the EOM and BC. Three EOM and ten BC were obtained from the energy
method. Equatio2.3.9) i (11) describe the EOM for the base due to bending, EOM for the base

due to torsion and EOM for the wing due to bending.

miy+ Y Lw® 0 (2.3.9)
rl, GJ B 0 (2.3.10)
mii +Y, Lw® 9 (2.3.11)

TheBCofthepezoel ectric motor obtained from the

into four categories: essential conditions xt=0 given by Eq.(2.3.12)-(2.3.14), natural
conditions (forces) a¥, =1, given by Eq(2.3.15)-(2.3.16), kinetic conditions (equilibrium) at
X =1, and x, =0 given by Eq(2.3.17)-(2.3.19) and continuity at x, =1, and X, =0 given by
Eq.(2.3.20)-(2.3.21). Explanation of each BC is provided below:

w(0,t)=0 (2.3.12)
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where no displacement is present due to the clamping conditions,
w®(0,t)=0 (2.3.13)
where no strain is present due to the clamping conditions,
b,0,t)=0 (2.3.14)
where the angle of twist is zero because of the clamping conditions,
Y, Lw,®(l,,t)=0 (2.3.15)
where the shear force is zero at the free end of the wing,
Y, Lw,? (l,,t)=0 (2.3.16)
where the moment at the free end of the wing is zero,
Y LW, - LwO(,t) D (2.3.17)
where balance of moments appears at the coupling element,
Y LW (1, 1) - L1, 1) -M,w(l,t) 6 (2.3.18)
where balance of forces appears at the coupling efleme
GILO(I,1)- Y, Lw?(0,t) =0 (2.3.19)
where the twist at the end of the basea¢g|the bending moment of the wing
w,(0,t)=0 (2.3.20)
where no éplacement appears at the coupling element imthdirection,
w,(0,t)= b.(,,t) (2.3.21)

where the strain of the wing at the coupling element equals the torsional angle at the end of the

base.
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The solution for the EOM presented in £23.9), (2.3.10) and(2.3.11), subjected to ten
BC proceed the separation of variables solution of the {@6h

WX 1) = X(QT(D (23.22)

where the displacement depends on two functions, one basedit the other one based tin

Below are described the steps for solving the EOM. To begin2B3R2) is substituted in Eq.
(2.3.9), (2.3.10) and(2.3.11) to yield:

Yl XX _ T

_ o (2.3.239
m X(% ()

GJ BX® _ 1) (2.3.24)
ril, B(X T(1) -
Yl X(39 _ T (2.3.25)

m, X% T}

As it can be noticed that two equations, one temporal and one spatial can be obtained
from Eq.(2.3.23), (2.3.24) and(2.3.25). The solutions for the corresponding spatial equations are
given by Eq(2.3.26), (2.3.27) and(2.3.28):

X,(t)=asinbx +a,cos b & sinh & a cosh > (2.3.26)
X,(t) = a;sina x +g,Ccosax (2.3.27)
X;(t) =a,singx, +g,cos g & sinh xg af cosh X (2.3.28)

1 1 1
Awm € Arl kT apm € |
where b is F, a IS ¢, gis -and w is the natural frequency for the
A Fcy ¢ g AT auency
system. These constants along with the constants of integ@tiag will be determined from

the tenBC. The ten BC previously derived, yield ten equations and ten unknown constants of
integration which can be written as a singhatrix given by Eq2.3.30) . The matrixis
composed of ten vectors given through (E®.29). Notice that the vectors are in order
corresponding to the EOM. EOM given by &39) goes wi t h BC (2Bil%d,en by
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(2.3.13), (2.3.17) and (2.3.18). EOM given by Eq2.3.10) goes with BC given by Eq2.3.14)
and(2.3.21). Finally, EOM given by E@2.3.11) goes with the remaining BC.

M, =[0,1,0,1,0,0,0,0,0,0]

M, =[1,0,1,0,0,0,0,0,0,0]

M,=[ EL,b%sin b K, wcbs| M}, *casl |,4° sk Bl , b sinh & ,,+ bcoghy
E1,b% coshb+1,, w kinhl, £0,0,0,0,0,0]

M, =[ El,b%cos b, MW +Im, w)(sin B,EI, *Bin |, M, * um, *)(aesl| ), b
E1.b6° coshb+ M, w+m, *usinhl B, ° ginh, ¥, * low, * )cash ), b
,0,0,0,0,0,0]

M, =[0,0,0,0,0,1,0,0,0,0]

M, =[0,0,0,0,siral, ,0sal,, g0, &]

M, =[0,0,0,0GJa cosd, ,GJ asinla,0,E,l, * g&,l,* lg

M, =[0,0,0,0,0,0,0,1,0,1]

M, =[[0,0,0,0,0,0, - sigl, , -codg ,sinlh,g ,codh, g]

M, =[0,0,0,0,0,0,- cogl, ,sirlg ,cosh,g ,siih g]

(2.3.29)
eM,; M, 0 O O O OMQ, @ 2 &0
eM,, O 0% %
é'"'21 Cgag ueé
e O O ( uéo
¢ o 6 & 08
é 4 l:IéO
é O o) ' Ué
é cgag & é (2.3.30)
¢ O o) @, ud
é . . l‘J 7
¢ 5 "o i @gg
é uéd
é 8 e
¢ S
sM10,1 Iv|10,10 &10 Hg)

The vector equation2.3.30) can have a nomero solution for the constants of
integrationa=[a, &,.....a,], only if the determinant of matrix M is singular. Matrix M is

composed of equations which adunction of only one unknowny, the natural frequency and

other constant parameters that are based on material properties and geometry. By setting the
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determinant of the matrix to zero, numerically, the natural frequency ofshaje structure can

be obtained. A range of frequencies from A0 kHz, was used to calculate the determinant of
matrix M. Figure 2.8 shows the relationship between the determinant and frequency for two
different geometries of the-Shape piezoelectrimotor. In the first case the free length of the

base is 9mm and in the second case it is 11mm. In both cases, the free length of the wing is kept
at 27mm. In this study, the two geometries selected for the piezoelectric motor were the same
geometries ashat used in the FEM analysis, Part | [1]. Before the motor was optimized, the
FEM model had 9mm long base and 27mm long wing. This was the first configuration which
was used to simulate the motion of the motor and determine its characteristics. Wittmablditi

analyses, it was determined that the optimal geometry for the motor had base length of 11mm
and wing length of 27mm.

1010

Determinant

Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 2.8 Determinant vs. frequency relationship for base and wing: (a) Basé kégim,
Wing length=27mm, (b) Base length=11mm, Wing length=27mm.

To compare the results with FEM modstsown in Sectior2.3.], the same geomets
for the experimental model shown in Chaptemn8 also for the analytical mddeere are usedt
should be noted that the natural frequencies for the wing and base correspond to the frequencies
at which the determinant of matrix M approaches zero. The first two natural frequencies for each
element are shown irigure 2.8. In the first case the determinaapproacheszero for
frequencies of 268Hz and 1343Hz, and 286Hz and 1548Hz for the wing and base respectively. In
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the second cas the determinant approacheso for frequencies of 251 Hz and 1.177 kHz and
251 Hz and 1.173 kHz for the wing and base respectively.

Before the mode shapes of theShape motor can be obtained, constants of integrations
a=[a, a...a,] have to be obtained. There can be infinite solutions for the coefficierds in
however a unique solution doe obtained by setting one of the coefficients to 1. In this analysis
a, is set to 1 and the remaining coefficiefis..a,] can be calculated numerically, following

the procedure shown below:

e@ Ml,l M1,9 Ml,lo gil ﬂeO
> * : ue
¢ M € ue (2.3.31)
:'MQ,l Mg,g gbg Ha)
p e
SMlo,l MlO,lO @alo u éO
where,
e g M, o ae o Mg o
é u ¢ u e u . €
M€ Mg € Uy, tswith € b MO} €06
é, uamE}Mm N results wi iy _tﬁhlo )] MG |
e i g0 6 0 &
& U @Msa,lo 9] B 0 M@,lo

Similarly if a, is set to 1, then coefficients,,..a,] can be calculated numerically

following:
eM;; My, Miw 8, g0
e ué
eM 21 |M 2,2 M 2,14 g ué (2.3.32)
e ue
8M10,1 |M10,2 M 10,14 o U &
@ g &M, g ae g Mg ,
¢ u ¢ u . é U . €
M € gt Uy, Its with ~ € - MoF €0
&, ua1€M91 Y results wi S -—‘ahi VX)) ME
¢ u e U ¢ U ¢
& 0 @Mlo,l Y] e u M@o,l
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It should be noted that either E.3.31) or (2.3.32) can be used in the analysis for
obtaining mode shapes as lagjthe determinant dfl~ does not equal zero.

Depending on the geometry of theShape structure, the natural frequency of the system
corresponds to the natural frequency of the wing or the base. If'thatdral frequency of the
system corresponds toetl® natural frequency of the base, then coefficigats.a,] have non

zero values while coefficients,,..a,] equal zero. In the case where natural frequency of the

system corresponds to the natural frequency of the wing, it is other way around. The reason
behind thisis becausda, ..a,] correspond to the constants of integration in the spatial equation

for the base E(2.3.26), and coefficientga,,..a,] for the wing Eq2.3.27) and(2.3.28).

In the analytical analysis, the resonance of theesystepends on the resonance of the
base and the resonance of the wing. For the following geometry of the motor, base=9mm and
wing=27mm, the % four natural frequencies are shownFilgure2.9. The ' natural frequency,
268Hz, coresponds to the®Inatural frequency of the wing, and the second natural frequency,
286Hz, corresponds to thé' hatural frequency of the base. Similarly tH&ahd fourth natural
frequency, 1.343 kHz and 1.548 kHz, correspond to thaatural frequecy for the wing and
base respectively. Knowing how the natural frequency of the individual element affect the
natural frequency of the motor, mode shapes for Hs&hépe structure can be obtained as well.
Each mode shape of the motor is directly relatethe mode shape of either the wing or the
base.

10"

Determinant
—
o

0 Pl H
10’ 10° 10° 10°
Frequency(Hz)

Figure 2.9 Natural Frequencies for the&hape Piezoelectric Motor.
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In order to describe the procedure for obtaining the mode shapes of the motor, geometry
was chosen where the free length of the base was 9 mm and the wing length was 27 nim. The 1
natural frequency as shown Figure2.9, 268Hz, was also the'hatural frequency of the wing.

For this frequency, the constants otegration [a;..a,] which can be calculated using the

procedure shown in Eq2.3.31) or (2.3.32) are substituted into E(q2.3.27) and (2.3.28),
resulting with an expression for the mode shape. Following the same step& ntioel@ shape of
the motor which is based on th& datural frequency for the base, 286Hz, was used to calculate

[& ..a,] which are then substituted into Eg.3.26). This approach was used to obtain thesik

mode shape of the piezoelectric motor based on bending vibration as ishBignre 2.10. It
should be noted that the" four natural frequencies of the system correspond to thievad
bending modes of the wing and base, however theeBding mode of the base and wing do not
correspond to the"sand 6" natural frequencies of the naot The reason for this is related to the
fact that at frequencies higher than 1.5 kHz torsional vibration modes dominate arj the 3

bending modes appear at much higher frequencies.
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Besides obtaining mode shapes and natural émcjas, the mechanical model was also
used to define an optimal geometry of theShape piezoelectric motor for piezoelectric
bimorphs which were obtainddom APC International Gatalog No. 401055 (350/025/0.60
SA), with dimensions shown ifable2.3-1. The properties of the piezoelectric motor and ABS
plastic coupler are shown fable2.3-2 andTable2.3-3. The analysis was dori®y keeping the
free-length of the wing at 27mmnd varying the fredength of the baselhe freelength of the
base (clamp 1 clamp 2)can be easily varied by adjusting the position of clamp 1. This implies
that position of clamp 1 will not have significant influence on the robustness of-shape
configuration of the motor. On the other hand, if the free length of the wing was decreased
(clamp2it he right free end), the conf i-ggluamdd otho od
AT s hap e o-shapk loreentalion drastically alters the dynamicthe piezoelectric motor
and this is why the length of the wing in this study was kept constant at 27mm. The graph shown
in Figure 2.11 describes how the first natural frequency for the base and wing changes as a
function of thefree length of the base. From this plot it can be identified that the optimal
geometry of the motor was obtained when the length of the wing was 27 mm and-eadtke
of the base was 11mm resulting with matching frequency of 252Hz. The goal of geperati
elliptical motion at the tip is only possible if coupling between the bending vibration modes is
acquired. The closer the natural frequencies for the two piezoelectric bimorph the more defined
is the elliptical motion. This was validated with an FEEMdel in ATILA where the resonance
frequency was also matched between the two elements at 242Hz.
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Figure 2.11 First natural frequency as a function of the length of base.

2.3.2.2 Electro-Mechanical Modeling

Once tle free vibration model was completed, the analysis proceeded with an
electromechanical model of theShape piezoelectric motor. The fundamental elements of the
motor are two piezoelectric bimorphs which analytically follow the Euernoulli model.
Equaion (33) represents the governing equations for bending vibration of a piezoelectric beam
[71]:

(4) 2 _
vi & LV;((S)X Dira ﬁ"‘it(fx L ed‘;(xx) d (’S‘X ) o (2339

where v(t) is the voltage applied to the bimorph#,x) is the Dirac delta furion and a is the
figure of merit at the average distance from the neutral axis of the piezoelectric bimorph:

a :%Yp d,b(h +h)/2 (2.3.34)

The electromechanical model follows modal analysis. A separation of variable solution was

used to solve for the governing equation. Substituting2BB3) in the equation below:
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w(x =8 W(3T() (2335

where bothW, and T, are dependent on n number of modes, resulting in the expression:

&AW g AAWT =()axgad o)

(2.3.36)

Next, Eq.(2.3.36) was multiplied byW_ and integrated over the entire lemgif the L-Shape

|
structuref’(f . The orthogonality of the mode shape results:

M )Tm+2zmw T+ T) = - (2.3.37)

where M is defined in Eq2.3.38) as the mass term obtained from orthogonality and it was
used to normalize the mode shapes efdystem:

M, = AW, ()X +MW2() Ip " 20X ox
V\{ (2.3.39)
AW, (Odx La . (Uo H,mW,, (L1

Notice in Eq(2.3.37) a damping term is added to the EOM, The reason for adding damping

is to improve the analytical model so that it can closely match the f8alape piezoelectric
motor. The damping ratioz was measured experimentally following the quadrature peak

picking method for lightly damped systeiii®)]. The experiment was done by conducting FRF
analysis on the {Shape motor. The value calculated Wa3053.

The term on the right side of the equal sign in([2@.37) is defined as:
Y =y(t)a, (%(1)(|1) %(1)(0)) w() az( W, Pq,) Wm(l)(O)) (2.3.39)

where a, = @ =, due to identical piezoelectric and geometrical properties of the base and
wing, V,(t) andv, ¢ are the voltages applied to the base and wing respectivelyAand\,
represent the normalized mode shapes of the system.(mBB),W(lm)ul) and W(lm)(m are the
normalized mode shapes of the base defined i2Bdl0) being evaluated at, and |, =0
respectively. In additionW(Zm)az) is the normalized mode shape of the wing define@.iB141),

evaluated at,. Finally, W, is the mormalized mode shape of the wing evaluated} &0,

which is actually(- '-5&('1)) given by Eq(2.3.42). This indicates that the mode shape of the wing
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at |, =0 corresponds tdhe torsional vibration mode shape of the base evaluatéd &he
relationship is represented by the BC shown ifZEg21).

- W

W, == 2.3.40
1 \/M_m ( )

- Wm

Wy = thl_ (2.3.41)

B = By (2.3.42)

whereW, ,W _, B, are the mode shapes obtained from equa(@®826), (2.3.28) and(2.3.27)
and ,/Mm is defined in Eq2.3.38).

2.3.2.3 Results and Summary

It can be inferred that two elements, the base and the wing even though are being coupled
together were actuated independently. Voltage 1 was dppi¢he base and Voltage 2 was
applied to the wing. What this means is that two modes used in the analysis, which correspond to
the first bending mode of vibration for the wing and base are independent of each other. Each
bimorph oscillates at its own naal frequency. Therefore the first mode corresponds to the first
natural frequency of the wing and the second mode to the first natural frequency of the base or

vise-versa depending on the geometry of the motor.

Equation(2.3.37) can be written in the frequency domain by taking the Fourier transform
of both sides.

-Wh( WR Ziw wh ) A owam ) (2.3.43

where, A ( yandv € jare Fourier transform of,(t) andv ¢ Jcorrespondingly. Equatiof2.3.43)
can be rewritten as:

Y
Ao W=V Qz:(g'/ — (2.3.44)
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2
The transfer function bet WEtp,m) =4 WS PA ¥ @eme nt é
=1

voltage can be represented by three equations correspondiXg, ¥ andZ, direction, Eg.

(2.3.45), (2.3.46) and(2.3.47) respectively:

X, (tip, W) _ 2 Y,
v & e (2349
Y, (tip,w) _ R Y
ey AW ) (2:3.46)
Z,(tip,w) _ 2 Y,
v & e 2347

where motion inX,is dependent on the bending displacement at the tip of the base; motion in

Y, depends on the bending angle at the tip of the base aim&lthemotion achieved at the tip

of the wing when bending.

Figure 2.12 shows the relationship between the displacements in all three directions of
the tip of the motor for a frequency range that covers Ye/d natural frequencieé\s shown in
Figure 2.12, the largest displacements in all three directions appear at the same natural
frequency. The figure was obtained for thashape piezoelectric motor with optimal geometry,
where free length of base and giare 11 mm and 27 mm respectively.
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In order to describe the elliptical motion which is obtained at the tip of the motor, Eq.
(2.3.44) was written in the time domain. This way, the motion can be presented for a specific

2
frequency with respect to timéV(tip )= W,(X T.(}). A, is a complex value and when

m=1
written in the ime domain it is composed of a two parts, magnitiMag and phase valud,,
T (t)=Mag Shwt A (2.3.48)
The voltage signal responsible for actuating the bimorphs is represented as:
V(t) = asin(m) (2.3.49
The magnitude is shown in E@&.3.50) and the phase in E(R.3.51):

_ Yo |
Mag = a‘ W 2] W+mW (2.3.50

o

A (2.3.51)

|
f=1 :
g::l/l/z Rz W wAw

Where | (complex numbei s just tan'* (@).
rea
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With the equation represented in the time
expressed byX,,Y,and Z,

X,(1ip,) = 8 Wi (1) D) (2352
Y(tip.)= & W,o(1) B (2359
Z,(p, )= LAWY, (1) T (2354

Using EQ.(2.3.52), (2.3.53) and(2.3.54), shown above, an elliptical motion at the tip of
the motor can be obtained as long as the base and wing are actuated 90° out of phase. In the
piezoelectric motor, the efficiency and working prideis highly dependent on the frequency of
oscillation. Therefore an analysis on the motor with optimized geometry was developed, where
the input voltage was 100 V and the frequency of excitation vdfigdre2.13 shows the redts
obtained from the test. As seen in this figure, elliptical motion was generated at each frequency

however the largest motion was obtained at 252.7Hz which is the same as the frequency reported
in Figure2.11.

X Axis (m)

Z Axis (m)

Figure 2.133-D tip motion as a function of frequency.

As mentioned before, if the piezoelectric bimorphs are actuated at resonance and if their

1% natural frequencies were close, than highest deflections, velocitiesosmees can be
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expected. This plot confirm that hypothesis and demonstrates the fact that elliptical motion will

be created at any frequency below the resonance and slightly above. The reason behind this is
that the mode shape at the first resonance ddesraver any frequencies below and frequencies

above which are in close proximitadditional analysis using the analytical model was also
conducted. In this analysis the frequency was kept constant at 252.7Hz and the voltage varied.
The motion generatedylthe tip is presented iRigure 2.14. It can be noticed from this figure

t hat the deflection and voltage are directly

increases as the voltage amplitude increases.
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Figure 2.143-D Tip motion as a function of voltage.

2.3.3 Parametric Study

The advantage of the analytical model over the FEM model developed forShape
motor was the fact that additional studies could be conducted, inra comvenient and
inexpensive way. As such, parameterization studg conducteand the behavior of the motor
as a function of its sizaas observedSince the main objective is having th&allowable robb
presented in thiglissertationto operate insidéhe human body it is essential that itzesi

resembles that of a pillThe parameterization study is presentedrigure 2.15 where for
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selected motor sizes the variation in natural frequency is determined. {Uinal M@quency of

the motor is obtained when the natural frequency of the base and the natural frequency of the
wing match or are very close to each other. As the total length of Base and Wing decreased, so
did the natural frequency of the-dhape motorlt is essential to note that in order for the
piezoelectric motor to work efficiently and produce largest deflection at its tip, it needs to
operate at its natural frequency. The exact length of the base and wing and the corresponding

natural frequency cdpe calculated by using the values shown on both Y axes.
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Figure 2.15 Relationship between the natural frequency of the motor and its size

Once the natural frequency for different size of the motor wasileaéd, it was possible
to model the tip motion of the motor under no load. ShowrFigure 2.16 is the motion
generated in all three directions X, Y aBdAs expected, the elliptical motion reduced as the
size d the motor decreased. This study can also be expanded to any other frequency of
oscillation below the first natural frequency. By computing the motion at the tip of the motor, a

model for the motion of the entire robot can be achieved.
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Figure 2.16 Simulated tip motion as a function of size and natural frequencySifdpe motor.
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Nomenclature

a- time derivative

al) - spatial derivative
.- Subscript corresponding to base
,- subscript corresponding to wipng

m - mass per unit lenght of base

m, - mass per unit length of wing

M, - mass of wing and mass of coungielement
w, - deflection caused by actuation of base

w, - deflection caused by actuation of wing

u, - deflection of wing inX, due to base adioa
X, - base coordinate

X, - wing cooridnate

b, - twist angle of base

I, - polar moment of inertia

b- width of piezoelectric bimorph

h, - thickness of substrate

h, - thickness of piezoelectric layer

r - density of substrate

r, - density of piezoelectric layer

r, - density of bimorph

|, - free length of base

|, - free length og wing

Y, - Young's modulus of elasticity for thegzioelectric laye

Y, 1, - Bending stiffness of Base

Y, 1, - Bending stiffness of Wing, same as Base
GJ - torsional stiffness

I, - moment of inertia

t- time

A- cross sectional area of piezoelectrimbrph
s, - elastic compliance at constant elecfistd
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d,, - piezoelectric constan
Z - damping ratio

a - coupling figure of meri
w- natural frequency

j - unit imaginery number

2.4  Conclusion
In this studytwo piezoelectric motor concepts were presente8hape and tShape which

define the fundamental work of the legged type locomotion mechanism discussed in Chapter 3.
As a result first the principle of operation was presented followed by theoretical models. The
theoretical models were used to predict the dynamics and the resgdhs motors as well as to
provide insight to the geometry required for constructing the motors. Both FEM and distributed
parameterelectremechanicalmodelsusing piezoelectric elementgere used to represent the
dynamics of the LShape motorFinally, the study was able to not only predict the response of
the motor in terms of the elliptical motion generated at the tip, but was also used in simulating
parametric study. Accordingly, optimal geometry for different bimorph size was found and the
correspoding response at the tip of the motor was presemisda result of the theoretical
models, further miniaturization of the WCEsghich are presented in Chapter 3 can be achieved,

and prediction of their kinematics and response can be obtained.
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Chapter 31 Experimental Characterization of Piezoelectric
Motors and Development ofL ocomotion Mechanism$

3.1 Introduction
The drive traindetermines the size of the capsule and the epowquirements

consequently makinghe locomotion mechanisna fundamental parof future wireless
endoscopeslt is also the key motivation behind the resbapresented in this dissertation. As
discussed in the Chapter 1, this dissertation focuses on two types of locomotion mechanisms,
legged and notegged locomotion mechanism based on traveling waves induced on walls of
WCEs (Chapter 4). Both designs utdizhe phenomenon of traveling waves (T.W.) induced
through the vibration of piezoelectric elements. Nevertheless, there is a significant difference
between the two as it will be seen in the following sections.

This chapter focuses on the experimental atterization and demonstration of the L
shape and t$hape piezoelectric motors to be used as tentacles of legged driven wireless capsule
endoscopes (WCE). First, a detailed characterization of {Bhdpe and tShape piezoelectric
motor is conducted, in der to determine the torque, velocity and efficiency curves. The details
of the experimental setup and the steps are presented in this chapter. Following this, integration
of the actuators onto a mobile platform is presented, where inspiration has nesnlygiawn
from the myriapoda subclass of arthropods. This group contains: millipedes, centipedes,
symphulans and etc. where the profile of the legs in motion is represented by a propagating
wave.

In order to develop a highly efficient and optimized solutimspiration from biology
was drawn. Nature has perfected its solution over millions of years and thus provides excellent
guidance towards designingngineered system®reviousresearch on developing miniature

crawling inspired terrestrial robots hhsen conducted[72-75. The one most similar to the

2 Some of the work discussed in this chapter was published in IEEE/ASME International conference, IEEE UFFC

and IOP Sma Materials and Structures. The following are the citations:

1  Auvirovik, D., Priva, S., "Crawlingnspired robot utilized tShape Piezoelectric actuatorsEEE/ASME
International Conference on Advanced Intelligent Mechatronics, Wollongong, Australia, (2013).

T Avirovik D., Priva S., "l-shaped piezoelectric mot®art |: Design and experimetanalysis", Ultrasonics,
Ferroelectrics and Frequency Control, IEEE Transactions on:39882012)

T Avirovik D., Karami M.A., Inman D., Priva S., “haped piezoelectric motpart |I: Analytical modeling",
Ultrasonics, Ferroelectrics and Frequency Control, IEEE Transactions on;Z010612)

1 Avirovik, D., Butenhoff, B., Priya, S., "Millipedéspired Locomotionitrough Novel UShaped Piezoelectric
Motors", Smart Materials and Structures, 23 (2014)
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work presented in thidissertatiorhas been developed by the Harvard Microrobotics lab, which
has been inspiteby centipedefr4]. The microrobot utilizes a fotvar mechanism composed of
piezoelectric actuators that convert thending motion of piezoelectric beamsoirgropulsive

force. Correspondingly, proper actuation of multiple segments of these piezoelectric actuators
results with locomotion of the mobile structure. Unlike this particular mechanism, the ones
presented in this chapter directly utilize th&hape ad U-Shape piezoelectric actuators without

the need of foubar mechanism or other linkages. The motion conducted at the tip of these
actuators as previously presented traces a circle/ellipse. This is precisely what individual legs of
centipedes and millgdes trace as well76]. As a result, by placing multiple actuators next to
each other in a row, and actuating them accordingly, a propagating traveling wave can be
generated which will result with propulsion. Becawddhe dynamics and structure of the L
Shape and LEhape piezoelectric actuatgiacomotian mechanisms va been developed.

The emphasi®f this Chapteris on the integration of individual-Ehape or Shape
piezoelectric motors in a row and their apprage actuation. In accordance to this, first the L
Shape and tShape piezoelectric motors were experimentallydeadid and characterized and
then integrated onto locomotion platforms. As a resdty simple, highly affordable crawling
roboss, utilizing low power piezoelectric bimorph actuatosere developed and accordingly

presentedhere.

3.2 L-Shape Motor Experimental Study

Following the theoretical aproaches discussed in Chapter EEA and distributed
parameterthe optimized geometry of piezoelectrieshape motor was identified and an actual
prototype was constructed as shownFigure 3.1 The bimorphswere obtained from APC
International Catalog No. 401055 (350/025/0.6@A) and the clamps were built using a Rapid
Prototyping Machine (DREAMS Lab, Virginia Tech). Initially, multiple tests were conducted to
verify the theoreticalmodel. First, the impethce of the base and wing was measured using an
Impedance Analyzer (Hewlett Packard/Agilent 4194A) in the frequency range of400Hz.
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Figure 3.1 L-Shape Piezoelectric Motor Prototype

The measurementsane conductedor two different cases as shownhkigure3.2. In the
first case the length of base was kept at 9mm and in the second case it was kept at 11mm. In both
these cases, the wing lengthasvkept at 27mm. The results gure 3.2 show excellent
matching with the Finite Element Method (FEM) model results.

4
gx10° gx 10
— | mpedance Response of Base - Impedance Analyzer — [mpedance Response of Base - Impedance Analyzer
= ==Impedance Response of Wing - Impedance Analyzer ===Impedance Response of Wing - Impedance Analyzer
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Figure 3.2 Experimentalmpedance Frequency Relationship for Base and Wing, (a) Base
Length=9mm, Wing Length=27mm, (b) Base Length=11mm, Wing Length=27mm

Next, the elliptical motion generated at the tip of the moweas measuredsing the
experimental setup shown kigure 3.3. The setup consisd of a function genetar (Wavetek
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model 650) which was used to generate two sinusoidal waves 96f-plihise with respect to

each other. The signals were then amplified using two high power amplifiers (HAS 4052). The
second part of the diagram Higure 3.3 illustrates the measurement procedure. Two laser
vibrometers (Polytec PDV100 and Polytec OFV 055) were used to measure the tip velocity as
indicated in the image. The signals from laser vibrometers were acquired by a data acquisition
system SIGLAB,and Matlab was used to analyze and integrate the data in order to obtain
displacements in ¥ and 2 (see Figure 2.7). Using this experimental setup, multiple
measurements were taken at the tip in the following range of freqaeth®i@ 270Hz. Since the
bending resonance of the base and wing was kept at 243 and 251 Hz, the resonance of the
combined structure was found to be 246Ha.note,in mechanical vibration, the mode shape of

a beam is the same at any frequency below fhmatural frequency and slightly above it.

Due to base

sin(wt sin(ot + 5) oscillation

Function

Amplifier 2

Input to Input to
Base Wing

Laser Vibrometer 1 Laser Vibrometer 2
(Velocity measurement) (Velocity measurement)

SIGLAB (Data
Acquisition System)

Data Analysis

Figure 3.3 Experimental Setup for Measuring Elliptical Motion at Tip.

In this study, both the beam and wing experience the same mode shape for a cantilever
beam, lbwever, the deflection at the tip for each beam becomes greater as the oscillating
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frequency approaches thé& matural frequency. Since their individual natural frequencies are
very close to each other it is safe to say that their joint natural frequenocybetween the
individual frequencies. Therefore at 246 Hz, both the base and wing experience the first bending
mode and highest deflection at the tip.

Measured velocities from the two laser vibrometers are shoviigure 3.4. The two

signals correspond to the velocity measured due to the bending of the wing4n thection
and the bending of the base in tKe direction which translatesto a deflée i on of t he wi

in the Y, direction. The velocity signalwere obtained at actuation frequency of 246Hz.

200 : :
—Velocity due to Wing , Z2
----- Velocity due to Base,Y?2
- ) .
E
> 0
©
©°
2 100
2005005 001 0015 002
Time (s)

Figure 3.4 Laser vibrometer readings at the tip of th&€hape motor

The experimental results were then compared to the analytical nididélibuted
paraméer) and FEM which are discussed in ChapteFigst, the principle of operation of the
piezoelectric motor described Figure 2.3 was comparedwith the steps of actuation obtained
analytically in Figure 3.5. It can be seen from these figures that there was an excellent match
between the expectation and calculatiddesides the principle of operation, the elliptical motion
generated at the tip of the motor was compared between the three awdal The analysis
was conducted at resonance frequency of #&hape piezoelectric motor, where the forcing

input was 1 V.
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An image of the elliptical motion generated in thg X, direction is presented fRigure3.6 As

sea in the plot, the motion at the tip obtained analytically was very close to the motion obtained

experimentally and through a FEM model.

x10°.
20~ X 10-3‘
15+ 20}
£ 10 -
2 E
3 5 210»
G 002 S et/ 002
0 061'-"--\_;7'- ——— T e T <0
002 o 002 0 001 o
] 0.03 ; 1 - 002
X Axis (m) Z Axis (m) X Ao (%?2 003 ZAxis (m)
(a) (b)
x10 ’ x10°.
20 T 2 : ’
10 : 9
< %107
>~ 0 £ 5
0 el T T 002 07 o
0.01 o0 A 7002
‘ =T0.02 0 T LT
. 003 Z Axis (m) 0.01 0.02 =" 002
X Axis (m) X Axis (m) 0.03 Z Axis (m)
x10'3_ LT
21” x 107
154 20
£ 10 -
7" Eqo|”
< 5] %
~° < . L ;
01 of e 7002
e i ".a:‘/f{—0.0Z -6'_‘:”";":—‘—;.“5 o . )
0 001 400 o002 0.01 = 0,02
: 002 : 002
xmism 0 Z Axis (m) X Ads (m) 003 ZAxs(m)

(H (e)

Figure 3.5 Principle ofoperationi analytical, (a)static equilibrium, (b) BaseVoltage = Max,
Wing Voltage = Q(c) BaseVoltage = 0Wing Voltage = Max, (dBaseVoltage = Min,Wing
Voltage = 0, (eBaseVoltage = 0Wing Voltage = Min and(f) Same adMotion in (b).

As observed, the resonance frequencies are verse do each other along with the

displacement values in thé,, X, . The results obtained analytically, experimentally and through

FEM are in close proximity to each other.
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x 10"
——Experimental Model |
-a—FEM Model '
——Analytical Model

Y Axis (m) = Y2 Axis (m)

X Axis (m) = Z2 Axis (m) x 10
Figure 3.6 Motion at the tip of the {Shape Piezoelectric Motor. Comparison between
experimental Model, FEM Model and analytical model.

Finally, comparison between the three models relating the natural frequencies for the
wing and base at two different geometrieshewn inTable3.2-1 andas indicated, a close
match between the three can be observed.

Table 3.2-1 Comparison of Results

Experimental FEM (ATILA) Analytical (D.P.)
Base Wing Base Wing Base Wing
1*'resonance
Base=9mm 275Hz 265Hz 288Hz 263Hz 286Hz 267Hz
Wing=27mm
1*'resonance
Base=11lmm  243Hz 252Hz 243Hz 243Hz 252Hz 252Hz

Wing=27mm
Elliptical X=+6.9E5m X=+7.0E5m X=+6.15E5m
motion (1volt) Y=15.2E-5m Y=15.7E5m Y=15.15E5m
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3.2.1 L-Shape Mobr Characterization

Once the vibrational characteristics were obtained and the excitation frequencies were
determined the piezoelectric motor was characterized by actuating two stages: linear and
rotational. In the first case, a linear stage fabricateddoyg arapid prototyping machine was
actuated by the motor. The combination of elliptical motion and friction between the tip and the
surface of the stage leads to the actuation. A laser vibrometer was used to measure the
displacement and velocity of tidgnamic part. An image of the motor moving the stage is shown

in Figure3.7.

STATIC SECTION

Figure 3.7 Experimental setup for actuating linear stage.

Friction between the tip a@nthe contact surface must exist for the stage to operate. For
this reason, three different high friction contact surfaces were used in the experiment to
characterize the linear stage: rubber, ABS plastic and sand paper. The measured velocity from
the thre surfaces is shown kigure3.8. It can be seen in this graph that the highest velocity of
12mm/s was achieved when the surface of the stage was covered with sand paper. During this
experimentthe mass of the aymic section was 3 gm. The rubber surface even though resulted
in small velocity had a very steady rate and quiet operation. Also, compared to the sand paper
and ABS plastic, the rubber did not ware off quickly. The prototype of the stage was not
optimized rather it was just used to quantify the performance of the motor. Additional work on

the frictional contact surface is required to achieve reliable performance.
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Figure 3.8 Velocity data of linear stageith different surface materials.

In addition to linear stage, a rotational stage was also developed in order to obtain the
remaining characteristics for the motor. As in the previous case, the rotational stage was
fabricated by using theapid prototypiy machine The procedure to measure the rotational
velocities, torque and efficiency, followed the method reported in Refer¢cesnd [78].

Figure 3.9 shows the experimental setup used forrgostage characterization. There are three
main components besides the motor as shown in the jrEdde1-900 Transmissive Optical
Encoder Module with 900 lines (US Digital products), HUBD{$R00-1181 (US Digital
products), and HIOKI 3193 Power HiTestdn this setup, the tip of the motor generated
elliptical motion and therefore was able to turn the HUBDISK whose motion was detected by the
optical encoder. The displacement data was then acquiteabunew and analyzed, resulting in

angular velocitieand torque relationship.
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Figure 3.9 Experimental setup for measuring rotational velocity, torque and efficiency.
During this experiment, the RMS current and voltage values were also recorded, so that the
efficiency of the motor could be determined. The piezoelectric motor was driven at resonance

with a harmonic input df20v/,,. The torque of the motor was measured following the

relationship:

t=J— 3.20
ot (32.0)

Where ¢ is the torque generated by the motdiis the moment of inertia for the hub disk and

%—':/ is the angular acceleration of the hub disk.

The mass moment of inertia for the hub disk was known, 0KgT®1. Since the disk
was rotating on a small shaft, the mass moment of inertia for the shaft was alsooagisdedat
total of 0.0ekgmni. The only remaining term in E¢3.2.0) was the angular acceleration of the

disk. The angular acceleration was calculated by usingfalf@ving method. The encoder
measured the angle of rotation in radians for a certain time interval. A plot of the data collected
was generated into Matlab and a polynomial fit for the curve was created. For the purpose of this
experiment, a'Border poynomial was selected to represent the position curve. This polynomial

was then differentiated and an equation of the angular velocity curve was obkined3.10

shows a plot of the position and velocity curvath respect to time. As seen on the figure, the
velocity reaches an angular speed of 118 rad/sec and a steady state after 0.3 sec. The equation
above the plot defines the velocity curve polynomial. This equation was differentiated so that
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acceleration ofhe disk could be attained. The acceleration of the motor was measured during the

transient time, 0.3 sec.
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Figure 3.10 Displacement and velocity curves of theShape piezoelectric motor.

The efficiency 6 a mechanical system is given as:

rad

5 t(NMO Y
o S

= 1GD (3.2.0)
P,  RBW+ RB(W

where ¢ (Nm) is the torque measured using Eg§2.0), W(@) is the angular velocity of the
s

disk, andR,(W) and B,(W) are the average power going into each bimorph medsy HIOKI

3193 Power HiTester. An important note in the efficiency calculations is taking account of the
fact that the bimorphs themselves have a very low energy transmission coefficient that is directly
related to the k31 valué electromechanical coédfent. Following Wang and D{79], the
relationship between the electromechanical coefficient k31 and an energy transmission

coefficient of bimorph under constant external force loading conditjgnis given as:
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Using Eq.(3.2.0) and the measured k31 value for the APC international bimorphs of 0.4,

the efficiency of the bimorphs was calculated to be 4.92%. In order to focus on the efficiency of

(3.2.0)

the motor as a whole without considering the very &fficiency of the piezoelectric bimorphs,

for the results presented, it was assumed that the efficiency of the bimorphs was 100%.
Therefore the maximum efficiency of piezoelectric motor was measured to be 8.55%. With this
information, the load characteits for the l-Shape piezoelectric motor are shownFigure

3.11. The motor reaches velocity of 118 rad/s, torque of 4.73\L6h and maximum efficiency
of 8.55%.
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Figure 3.11 Load characteristics of-Shape piezoelectric motor.

3.2.2 Crawling inspired robot utilizing L -Shape Piezoelectric
Actuators
As discussed in the Introduction of this dissertation, the main objective of the work is the

development ofocomotionmechanisms for wireless capsule endoscdjerefore the tShape
piezoelectric motor was utilized in the development of a legged type mechanism inspired by
millipedes and centipedeshe design of the motor is shownce againn Figure 3.12 but now

inverted, as it was in this form when integrated onto a milibot.
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Figure 3.12 L-Shaped piezoelectric motor.

As a result of the design of theShape motor, a 3D prototypkesignof a prototypes
shown inFigure 3.13. Figure 3.13 (a) shows the design arkgure 3.13 (b) the principle of
operation ofthe robot presented in this study. The robot is composed of febhape
piezoelectric motors, each representing a leg of a crawling insect. As the motors are actuated, an
elliptical motion at the tip of the motor (the point where the end of the wingesuble ground)
is generated, which consequently propels the robot. In the laboratory, an experimental setup
which drives the robot was developed as showRigure 3.13(a). Most common four legged
insect propel the body using the gait shown Figure3.13(b). This means that two legs that are
positioned diagonally from each other move in phase with each other, but together they are 90°
out of phase from the other leg pdihe gait of the crawling robot can be described as follows.
At its initial step, step 0, all four legs are in contact with the ground. At step 1, FR and RL are
actuated. During this state they are no longer in contact with the ground, instead they swing
forward in air. Once the swing is completed they come into contact with the ground at step 2.
During this intermediate step which is only for a short time period all four legs are in contact
with the ground. Following this, in step 3, the FR and RL grab tm ground surface and pull
back to its starting position, therefore propelling the robot forward. During the same time the FL

and RR, leave the ground and swing forward in air. Once this is accomplished, in step 4, all four
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legs are touching the groundame as step 2. Finally, in step 5, the inverse of step 3 can be
observed. The steps continue to repeat as long as power is supplied to the piezoelectric actuators.
Even though four motors, each composed of two piezoelectric elements needed to ba, dctuate
was possible to obtain the desired gait through the use of basic lab equipment. In the case of our
crawling robot, a function generator (Model 650, Wavetek, San Diego) was used to generate two
sinusoidal waves that are 90° out of phase from each.cdthe signals were amplified using

high power amplifier (NF HAS 4052). From the amplifier, signals were directed to the
piezoelectric beams, according to the flow diagram showdgre3.13.

—
\\ —[ Function Generator ]— N +90° 5

—/
Amplifier 1 Amplifier 2 / e
Clamped 1 2
Electrical Circuit P
B [~~~
3 4
FLB = 0° = RRE "
FLW = 90° = RRW W =
FRB = 270° = RLB =- 90° — |
FRW =360°=RLW=-0° I I lFR l 5 6
FL L /
/ = RR
/ \ -

smmmmm Intermediate step (contact with ground)

FL—Front Left FR — Front Right RL - Rear Left RR — Rear Right w— Swing (in air)
B — Base W - Wing ssmmm Pull (contact with ground)

(a) (b)

Figure 3.13 Crawling robot principle of operation: a) Actuation setup of piezoelectric motors, b)
Schematic diagram representing the gait of the robot

The advantage of using piezoelectric motor over conventional electrontagcietators
for crawling insects is miniaturization and control. A single electromagnetic motor might have
higher torquehowever because of its size, only one would be able to fit into an insect size robot
and as such it would not be possible to achfedMecontrol over the robot. On the other hand,
each piezoelectric bimorph can be controlled independently. By reversing the voltage potential,
the robot can move in reverse and by varying the voltage amplitude of one pair of legs over the

other one, steerg can be achieved in any direction. In addition, by simply changing the
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frequency of the signals sent to the piezoelectric bimorphs, control over the speed of the robot
can be accomplished. Finally, piezoelectric bimorphs carethecedin size much easr than

electromagnetic motercan as seen in the parametric study shown in Chapter 2.

3.2.2.1 Experimental Characterization
In order to characterize the functionality of the motor, multiple tests were condActed.

key functionality of the endoscopic robots isesaperation inside the human Gl tract. Inside the
human Gl tract, it is imperative that the forces exerted by the robot are minimal. This way
damaging and scarring of the tissa de avoidedn addition, the robot should also be capable

of carrying addional weight on board such as: wireless camera, battery, illumination lamp,
control chip, biopsy mechanism, diagnostic and location sensors and etc. Two experiments that
test this capability of the robot were conducted and the results are preseRigdréB.14. In
Figure3.14 (a), 3axis +6g accelerometer (Newark elementl4, BABKL325Z) was placed on

the top surface of the robot in order to collect data for accelesatimng the thredirections.

This data was then multiplied by the mass of the robot (11.6g) to obtain the forces generated by
the crawling robot. IrFigure 3.14(b), similar test was conducted where the tip of mgewas
attached by a string to a load cell (Transducer Techniques;1BB@s the piezoelectric motor

was actuated, a force generated at the tip of the leg was transmitted to the load cell and then the
pull force was measured. The pull force generatgdatsingle LShape piezoelectric motor
composed of piezoelectric bimorphs (APC international, mode€l04@) and operated at 80V

input was around 10 grams for preloads efgsfams. The preloads were applied by applying
tension in the string that connectech e ti p of the robotds | eg witt
why the piezoelectric bimorphs were driven at 50% of the maximum recommended voltage limit

was to prevent the fatigue and improve the reliability.
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Figure 3.14 Forces produced by robot: a) Forces in x, y and z direction as the robot moves, and
b) Pull force exhibited by the robot

Besides measuring the force exerted by the rabwaias possibléo obtain results on the
motion of the legs atheir tip using high speed camera and visual processing softwayere
3.15shows the summary of the motion of the legs inlx@ane.Figure3.15 (a) and (b) plot the

motion of each leg in theZ, andY, direction as a function of time. These results confirm that

the desired gait for the motion of the robot
Rear Righto and fAFront Right aywith réspeattoedce f t 0 n

other.Figure 3.15 shows the motion of each leg in tNg- Z, plane (side view). As shown on

the plot, each leg generates elliptical motion which is essential for the motion of the robot. The
slight error between the amplitudes of the legs is partially due to the angle and depth effect at
which the high speed camera acquired the images as well as the installation of the legs onto the

robot. Nevertheless, even with the slight error, it is cleartti@tip movement generated the
motion initially desired.
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Figure 3.15 Motion of the tip of the legs: a) motion of the legs in théirection, b) motion of
the legs in the yirection, c) elliptical motiorgenerated at the tip of each leg

Next, the robot was actuatedt 1Hz and 60Hz to quantify the kinematics. Since the
motion of the legs at 80V is around 1mm in diameter, we were able to achieve velocities of
1mm/s at 1Hz excitation. At the actuation freqay of 60Hz, the robot achieved speeds up to
65mm/s. The reason why the relationship between the frequency and speed is not linear is
because the frequency of 60Hz approached the natural frequency cofSthegpe motor. When
actuated at the natural frequgn the elliptical motion that is generated at the iecomes
greater. In additionpayload of 12gramsvas attachednto the robot andts motion was
monitored No alterations of the motion of the robot werddo s er v e d . Finally a
was intrauced in series to measure the current going into the robot. As a result the power

delivered to the robot was measured to be 8mW at 80V potential.

3.3 U-Shape Motor Experimental Study

Similarly to the L-Shape piezoelectrimotor,the UShae piezoelectric motor was both
experimentally characterized and then implemented onto a locomotion mechanism platform
inspired by a crawling millipesl Figure 3.16 shows the representation of the-sbape
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piezoelectric motor and its vibrational characteristicsvas previously discussed thaetwing
similar to the base acts as a cantilever beam. Actuatiramtilever beam at the®Tresonance
frequency, results in generation of th& \ibrational mode where maximum deflection is
exhibited at the free end. This can be seen for both the base (motiedirattion) and wing
(motion in zdirection) inFigure 3.16 (top left). In order to capture the motion at the tip in both
axes, two laser vibrometers (PSV400 anev350, Polytec, Inc.) were used similar to the L
Shape motor.

In the first set of experiments, the base weesonly element excited using a chirp signal
input to determine the natural frequency of the system. Following this, the same test was
conducted through the actuation of the wing, while the base was kept at rest. It was determined
that for specific geontey of the UShape piezoelectric motor with base length of 15 mm and
wing length of 26.5 mm, the®Inatural frequencies for the base and wing were 139 Hz and 149
Hz respectively. The reason why the free lengths were not the same is due to the faet that th

wing had a loading effect on the base. From the relationship shown (8.E0):

f= \/E (3.3.0)
m

frequency is inversely proportional to mass and is directly related to stiffness. By manipulating
these two parameter, was possible tdoring the mtural frequencies of both beams in close
vicinity to eachother. In order to obtain an elliptical motion at the tip, the two piezoelectric
bimorphs were excited by a voltage potential at the same frequency, but with a phase difference
of 90 as shown irFigure3.16 (top right). It is important to assure that tienhtural frequency

for both the base and wing either match or remain in vicinity of each other as shbigara

3.16 (bottom left). The reason is related to the fact that when the motor is driven at a single
frequency, in ideal condition, this frequency needs to correspond té' traural frequency for

both the base and wing. In this arrangement, a largéisttien is generated at the tip. As shown

in Figure 3.16 (bottom right), the elliptical motion was generated by the piezoelectric tip at
different operating frequencies. When theshhped motor was actuated at 139 (which
corresponds to the resonance frequency of the base) the elliptical motion obtained was larger in
the xdirection. Conversely at 149 Hz excitation (which corresponds to the resonance frequency
of the wing), the elliptical motion was larger in thalirection. This is due to the fact that the

two frequencies correspond to the natural frequencies of individual bimorphs. As a result, the
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largest envelope of deflection would be expected at a frequency between 139 Hz and 149 Hz.
Accordingly, 144 Hz wasneasured as a the optimal point of operation for th8hlpe
piezoelectric motor based on its: geometry, boundary conditions, material properties and the lab
setup. To note, the motion generated in thkrgction was much smaller when compared to the

other two directions and therefore was not included in the analysis.
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Figure 3.16 Principle of operation of t$haped piezoelectric motor and its vibrational
characteristics

3.3.1 U-Shape Motor Characterization

Next, the performance of the motavas determinedusing a rotating test platform
equipped with an angular displacement encoder. The details of the setup are discssstoh
3.2in this chapterFigure 3.17 summarizes the results obtained for th&hhped piezoelectric
motor. The motor was operated at its natural frequency of 144Hz with a voltage input of
70.7Vrms. As the rotational stage was actuated, the angular displacement waslacsng the
optical encoder (DISKR-2500100GIE US digital). A polynomial fit representing the
displacement as a function of time acquired by the digital encoder was differentiated to obtain
the angular velocity and then differentiated once more torolitai angular acceleratiofigure
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3.17(a) shows the angular displacement and angular velocity as a function of time. The largest
velocity achieved at the applied input voltage to the bimorphs was 65rad/s. Tine gerterated
by themotor can be obtained using.E8.3.1):

f=] (3.3.1)

total ¢

where a is the angular acceleration adgh, is 1.67E7 'Q"Q & . Once the torque is known,

the mechanicalgwver can be computed using Eg.8.1)) as illustrated irfrigure3.17 (b).
Prech=1 ° 1 (3.3.1)

The maximum mechanical powebtained from the current design was 0.84mW aif
42rad/s. By measuring the input power to the system (3R efficiency for the kshape
piezoelectric motowas obtainedFigure 3.17 (c) presents the data for efficiencies and angular
velocity as a functin of torque. Two different efficiency curves were plotted in this figure, one
for the motor as it was experimentally obtained in the laboraeityng and another by assuming
that the piezoelectric bimorphs had 100% electrical to mechanical convefga@ney.

75



¥ =3 x(10000 x(—0.0057)) x£* +2 x (10000 x (0.1189) x £ -+ 10000 x (—0.8246)
70 1.0

—o— Angular displacement
60 |—o— Angular velocity

=1 =]
o o

Displacement (rad)
=4
(=]

Velocity (rad/sec)
Mechanical power (mW)

T~

=]
o

=3

gl o ‘ | | |
00 01 0.2 03 04 0.3 0.6 0.7 10 20 30 40 50 60 70

Time (s) Angular Velocity (rad/sec)
80 T — T T T 70
—&— Piezoelectric bimorph eff. =100%

. 701 —=2—Piezoelectric bimorph eff. =4.92% leo

)

D

Z ey 150

E sof o g

140 =%

= ()

2 a0t Q]Cboo e

32 “ay, 130 2

o 301 0 &

- Cbo 120 )

B 20f %, - e

2 "

2ot S\ 10

<

0 i L il 0
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Torque (Nm)

(c)

Figure 3.17 Performance characterization curves eBhlape piezoelectric motor: (a) Angular
velocity and angular displacement as a function of time, (b) Mechanical power as a function of
angula velocity, (c) Angular velocity and efficiency of motor as a function of torque.

3.3.2 Crawling Inspired Robot

After detailed mechanical characterization of thesHaped piezoelectric motothe
worked proceeded with the development diillipede-inspired robat locomotion mechanism
(millibot). By utilizing the elliptical/circular motion of the piezoelectric motor and coupling
multiple motors in a row as shown kigure 3.18 (a) a travelling wavewas generatedimilar
that of the millipede as shown kigure3.20. Figure3.18 (b) shows the operation mechanism of
the millibot and also illustrates the driving scheme used in a laboratory setting. f&nogut
signals applied to the individual elements of the motor (base and wing) were 90° out of phase
and the motion of one of the-¢hape piezoelectric motor was 90° out of phase from the one
behind it, the electrical driving became easier. A singletionayenerator and two amplifiers
used to amplify the voltage signal going to the piezoelectric elements were used in order to
actuate the milibot. The principle of operation of the millibot is illustrateeignre 3.18 (c) and

it is best described as follows: in step 1, all legs are touching the ground surface; in step 2, the FL
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and RR leg leave the ground surface and swing forward in air while the FR and RL leg propel
the milibot body forward by pulling on the @rd surface beneath; in step 3 all four legs are
touching the ground surface similarly to step 1; step 4 is the opposite of step 5 where the FL and
RR legs are now in contact with the ground and propel the milibot forward by grabbing and then
pulling on te ground surface, while the FR and RL legs on the other side swing forward in air;
step 5 is equal to step 1 and 3 and finally step 5 represents the beginning of the new cycle, hence
it is equal to step 2. The locomotion principle continues as long @esighpower delivered to the

milibot.

Pill-Millipede CAD Prototype
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Figure 3.18 Millibot: (a) Millipede inspired mobile robot utilizing 4$haped piezoelectric
motor, (b) Experimental setup, and (c) Gait of millibot

Lastly, the locomotio mechanism of the millibot was characterized using a-$pgied
camera as shown HFigure3.19. Image processing was used to obtain the data from the robot as
it was actuated with varying driving conditionswd@ plots can be seen ifrigure 3.19
corresponding to the motion of the legs as a function of time in-theegtion, ydirection and
then motion of the legs in theyplane. The legs exhibited the elliptical motios desired to
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achieve the walking gait. The millibot was actuated at different frequencies and the power
consumption was measured to be 6mW ldz Excitation frequency and 70Vrms, which as a
reference would translate to around. hours of operation in acenario where the robot is

powered by a 3V watch battery.

t=0.50s — 6=180° (a ) t=0.75s — 6=270°

Y displacement (mm)

L L s L s L L
06 -04 -02 00 02 0.4 0.6

X displacement (mm)

(b)

Figure 3.19 Locomotion characterization of the millibot: (a) Four distinct time steps
demonstrating the motion of the robotic legs, (b) Ellipticaition generated at the tip of the
motor in the xy plane

3.3.2.1 Modeling the kinematics of the robot

The motions of the legs of the robot take the form of a wave which propagates alongside
the body. During forward movement, the motion of one leg pair is 90° fopihase from the
other leg pair. A kinematic analysis of robot can be obtained following the methodology
presented ifi76], where every leg has the walk pattern in common and the tips of the legs trace a
circular pathas shown irFigure3.15 (c) andFigure3.19 (b). To note, the result presented in this
study have shown elliptical motion due to the fact that both the base and wingcivated by
the same voltage potential. Circular motion at the tip can easily be achieved, by simply adjusting
the voltage potential applied to the wing and b&se. simplicity, the floor is assumed to be

rigid, therefore the motion of the legs creatsenicircle indicated in redrigure3.20.
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From this analysis the velocities of the wave and robot are defined th(®3¢) and
(3.3.3) as:

_ar
Viae=— (332
t;
|
2r smaeczZ
Voot = — &= (33.3)
tp
wherew  is the velocity of the waveyp is the velocity of the robot, r is the radius of the
reference circle that the motion of the | egs

the radius of the reference circteis thetransference time representing the time it takes for the
leg to move in air during the recovery stage &nd the time during the propulsive stage while

the leg is in contact with the ground.

Wave-like leg motion

=

Figure 3.20 Circle reference and variables of the path that the legs trace.

The total time it takes for the robot to execute one step forward is calculated tBmugh
(3.34):
(3.3.4)

and by knowing:

h=r cos%q (3.35)

a relationship between the time, velocities, cleardm@nd the agle can be obtained.
Using all this information a frequency of the traveling wave can be calculated through
(3.3.6) as:
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= (3.3.6)

T

With the frequency defined, a motion iFC2can be expressed through cycloid fuoies in the X,
y coordinates as:

x=rt sinit {)) (3.3.7)
y,=r(l cospit {).

where t is tme in seconds while the robot is in motion ahs the phase between consecutive
legs.

Based on this analysis a model of the motion of the robot can be approximated.
Improvements on this model are required for incorporating the effect of different anemon
that the robot will operate. One such improvement will have to take into account that the surface
onto which the robot will be crawling will not be rigid as the ground, but rather soft as to

simulate the Gl tract environment.

3.4  Conclusion
This chapterencompassed the experimental characterization of the two piezoelectric

motors developed:-shape and tShapeand their integration onto a legged type WEEst the
experimental results obtained for theShape motor were compared against the theoretical
models discussed in Chapter@nce the models were validatexkperimental characterizations
were conductedfor both the LShape and the {3hape piezoelectric motors in terms of their
velocities and torques. Finally, both motors were integrated ontggadelocomotion platform
inspired by crawling millipedes. Theeveloped prototypeshowed very promising resulter
swallowable robot applicatioris terms of the power requirements, velocities of propulsion and
simplicity in the design. The-Shape motg had a resonance frequency of 247Hz, exhibited
torque of 4.7 x 18 N.m while requiring power input to the milibot of at excitation frequency of
8mW at excitation frequency of 1H&imilarly, the UShapemotor had a resonant frequency of
144Hz and exhilbed 0.03mNm torque while requiring low power input to the milibot of 6mw

at excitation frequency of 1Hz.
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Chapter 471 Controlled Locomotion of Wireless Capsule
Endoscopes through Traveling Wave Phenomenon

4.1 Introduction
This dissertatiorroverstwo locomotion mechanisms for WCEs, legged and body actuated,

where both use the principle whveling waves as propulsion butarvery different way.This
chapterexplains a novel methodbr WCE locomotion mechanisrasing capsule body actuation
providing theory and experiment to illustrate the fundamentdlsike the legged type
mechanism presnted in Chapter 3vhere multiple actuators in a row create the profile of a
traveling wave, thenechanisndescribed here is basegon the vibration excitation that causes
the entire capsule to behave as a traveling walies impliesthat acontrolled I@omotion of
WCEs can occusimply by proper vibration ahe capsule shell.

As described in Chapter 1, traditional WCE as the sirmvnon the left inFigure4.l, is
usually composed of electromagnetic motors, linkages, geargjitiecknt type of legs. This
type of mechanismven thoughas beershown to be effective in terms tife propulsion,it has
a major downside. Some of the main challenges in WCEs are the power souinetaddpace
availableinside the capsulevhich is used tostore the batteries, micro controllers, cameras,
various sensors, communication devices, biopsy @adsother componentall of the elements
necessary forobcomotionasshown inFigure4.1 are both space consuming aaimplex.Due to
theserequirementsa new concepfor propulsion ofwireless capsulevas developedhat relies
ononly two elements: piezoelectric disks and the body of the capsglee4.1 (RH side).The
actuation principlediscussed in this chaptevill eliminate the need forany of thetraditional
elements dears, linkageslectromagnetic motors and I@¢@ndthus providanore storage space

and major reduction in design complexity.
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Figure 4.1 Concept of traveling wave baseiteless capsule endoscope

In the center of the figuré.2is acylinder thatcan be assumed to represent the body of
the WCE. On théeft side ofFigure4.2, afront view of the cylinder with a piezoelectric disk in
the middleis shown. The piezoelectric disk representsatteiation element in ilocomotion
mechanismlt should be noted thalhere are two piezoelectric disks, each locatdzbdtends of
thecylinder. As the piezoelectric dislareactuated, the strain is transferred to the capsule shell,
and byfollowing specificexcitationsequencea traveling wavecan be generatedhis waveis
then used as means of propulsidn. order to simplify the prolem of modeling and
characterizatiorof complex structures such aglinders, a smallcrosssectionwas used This
sectionis represented by a beam with frieee boundary conditions and piezoelectric elements
on the bottom side aets an excitation soure. Similar to the cylinder, the frefeee beam will
also experience traveling wave phenomenbrexcited properly The chapter covers the
fundamentals opropagating mechanical wasygheir generatiothrough finite mediums such as

free-free beamandalsoexperimentatharacterization.
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Figure 4.2 Schematic description of theproachused forthe analysis of locomotion
mechanism inspired thetraveling wave phenomenon

4.2  Traveling Waves Formation
As a result of an adlation and coupling between the structure and medimn@chanical

wavesare generated angropagate throughthe unerlying medium In solids, the motion is
accompaniedyy energytransferfrom one point to another and thereforecan be used aa
propulsion mechanism. This has been demonstriatethtural micreorganisms where waves
propagating through their body (hetmvards tail) resulin propulsion[80, 81]. Through the
observation ofexamples found imature, the phenomenon of mechanical wasteswsgreat
potentialtowardsthe development gbropulsionmechanismg$82] and biologically engineered
structureg83]. Even though in its infant stagamulated (artificially genetad)traveling waves
through solid structures have demonstrated propulsion on both biological and mechanical
systems. On the biological side, flagella locomotion mechanism has been engineered as a first
step towards establishing platform for biological imaeg84]. On the mechanical side, the
devel opment of traveling waves has been inve
car p e85 [8d. INg matter what the real motivations and applications behind traveling
wave inspired mechanism atég first step towards their understanding would be development

of basic theory and experiments that illustrate the physics behind the generation and propagation
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of waves in controlled mannemhis chapterencompassethe theoretical and experimental
analyss for the formation of mechanical wavgsough solid structures such as a fie® beam
This theory canbe extended to the development of futureylinderbased WCEs
locomotion/propulsion mechanisms.

The principle behind thgenerationof mechanical waweis related tothe vibrational
characteristics of structures that are accompanied by corresponding natural frequencies and mode
shapes. Structures oscillate as a result of energy input comingHemwternal sources and by
understanding thstructuraldynamics it is possible to excittemin such a way thawill result
in generation ofmechanical waves. In this study, piezoelectric elements represent the excitation
source for the structure of choice. ias observed that when a beawas excited by two
sinusoidal forces acting at two different locations, but at a phase difference of 90°, a travelling
wavewascreated. This behaviavasexperimentally and theoreticalpnalyzed The schematic

diagram,shownin Figure 4.3, illustrates how the first four mode shapes of a firee beam

contribute towards the development of traveling waves. The level of contribution of specific
mode shapes is directly dependent on the frequency and location at which a structure is excited.
In Figure 4.3 the excitation frequency is between tH8 @nd 3 natural frequency of the beam

and the individual signals are at a phase difference of 90°. As a result, the highest contributions
of the mechanical wave cosi&om the neighbong mode shapes, and the phase difference is

the factor which dictates whethére traveling wave will occur or not. When a structure is
excited with a single force, waves are generated and reflected due to a high impedance change.
These waves have equahgnitude but travel in opposite direction and generate standing waves,
wW(x t) = Asin(wt -kx) Bsin(mt k¥; in this case the amplitude A and B are equal in
magnitude.When a structure is excited at two points at the same frequbatyith phase
difference between them, a part of thdrefct ed wave i s negated (as
results in a combination of a stationary wave and a traveling wave. The dominance of the
traveling wave over the standing wave behavior depends on two factors: the frequency of
excitation and the fixed pise.
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Standing Wave
15t Mode Shape

Figure 4.3 Concept descriptiofor formation of theraveling waves through finite medium

4.3  Theoretical modeling
Startingfrom the fundamentals of mechanical wave excitation, a theory can be developed

that can formulate thesystemdynamics andorovide the response of structure #@svibrates
resultingin either standing or traliag waves. A diagram describing the parameters used in the
model ispresented irFigure 4.4. For simplicity, point force excitation was used to moted

EulerBernoulli distributed parameter beam with ffeee boundary conditits.
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Figure 4.4 Schematic diagram dhebeam structure

The general equation for the distributed parameter model for the system was derived
using the equation of motion for a beam showBar{4.3.1) :

pwixt), fre W(xt) 2

rA(N)E—"2 2+ B ZEI(R) R xt) (4.3.1)
TS xp

where r is density, Ais cross sectional area of the bedhjs the bending stiffness arfdis the

excitation force. First, the homogeneous solution for the differential equation was obtained by
setting theight handside to null:

KW, 1) fw(x t)
rA +H 3] (4.3.2)
Ht* K
In order to solve the ifferential equation, separation of variables solution of the form
w(x, t) = X(X T( Ywas assumed, where by substituting it into the general equation of motion, Eq.

(4.3.3) and(4.3.4) wereobtained:

uz\ﬁt(?,t)ﬂz M}(ﬂf ) 5 (4.3.3)

2 Xi i 7O _ -
X(¥ T

(4.3.4)

where ¢ = frE—L and w is the natural frequency of the system. Note that from(£8.4), two

eguations are obtained: spatial and terabdn the spatial domain E¢¢.3.4) becomes:

w

Qo
. OIN

Xi (¥i- g~ aX(X% D (4.35)
(;C -
and in the temporal domain E@.3.4) becomes:
TE)+wT() D (4.3.6)

wheregeneral solutiogfor the spatiahnd temporaéquations areassumed to be
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X(X) = a Sibx+ a, Cosix -, iBh  aCosh x (4.3.7)
T(t) = Asin(wt) +Bcos(wt (4.3.8)

where he coefficientsa, - a, are obtained from the boundary conditi@ml Aand B from the
initial conditions.

For freefree boundary conditions, the bending moment and shear force on each end of

’ .
the beam are null, therefor&l H \;V:O and ﬁgEliN gOreSpectiver. As a result, the
HX IXg K g
characteristic equation is described through(E®.9) and themode shapérough Eq(4.3.10):

CostL3 Cosh h 4 (4.3.9
F.(X) =Coshp, x+ Cosh x £ iBh x&Sin X (4.3.10

wheres, = CC_’Shb” L- C,OSQ land L is the length of the beam.
Sinh, L- Sinf L

Once an expression for the temporal and spatial equations was obtaestep that followed
was to use them in the EOM. As a result the steady state solution for a forced input can be
expressed through E¢4.3.11)

XATO+SXi (T =K x) (4.3.12)
Substituting Eq(4.3.4) results in Eq(4.3.12):

X EF O+ T() gef @ gx- 1) (4.3.12)

where d(x- 1) is the Dirac delta function indicating the location atietn the unit force is
applied. Substituting thehomogeneous solution of the spatial paXt{(x), the following
expressions obtained:

FL. (&0 () +w T ()2=f €7 dx- 1) (4.3.13)
wherew, = & /% . The orthogonality conditionsan bedescribed through E¢4.3.14) as:

- 0, m, n
i mOIF 2() "I men (4.3.14)
O 1

The orthogonality condition ampplied in Eq(4.3.13) which isthenintegrated across the length
of the beanas shown irEqg. (4.3.15)
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gh:n(x)3 F. (X dx g’g'l;(b w?T() g £ glig* LFﬁ)() dx 3)dx (4.3.15
éo u 0

Next an expression in the time domain can be obtaink@thwresembles a single degree of
system without damping E.3.16) and with damping Eq4.3.17):

T'n(t)+Wan(t)={ @ () (4.3.16)

T.(0+2z @i (1) + fT() é ) E q) (4.3.17)

i
L
In order to obtain the frequency response fumc(leRF) between the input and the output, the
following steps were utilizedFirst the Laplace transformvas applied while settinghe initial
conditions to zero:

et g =" 1T (4.3.18)
i0 0]
As a result Eq4.3.17) becomes:
(S + 22718+ “WT(S) —FES) E () 4.3.19)

The FRF for a single degred®rder systemwas then represented by E¢4.3.20) and Eq.
(4.3.22) in the frequacy domain,s= jwas

T(9 _ F()
R (4.3.20)

IO/ FO (4.3.21)

HUM=Fim s 1 o 7 252y

Finally the temporal solutiowaspresented as follows:

(W) =R W B W e

A (it + 1)
TR B W S

(4.3.22)

By the principle of mode summation, the final resvdis obtaned asshown in(4.3.23):

WX Y= X(ATH=& F,(3( T +T0) (4329
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4.4  Experimental Characterization
An experimentaketyp under thelaboratory conditionwas conductedn orderto verify

the theoretical model discussed in SectoB Figure 4.5 (a) showsthe experimental setup. A

brass bam with length=0.305m, width=0.0195m and thickness=0.000832m was suspended on
elastic bands in order to simulatee freefree boundary conditions. The response of the
vibrating system was experimentally measured usirnigsar scanning vibrometeand data
acquisition system (PSV400, Polytec Inc.). The resadta function othe frequency and the
corresponding mode shapes are showRigure 4.5 (b) and the firsseven natural frequencies

are compared againste theory inTable4-1. In Figure4.5, an illustration ofthe traveling wave
obtained from the experimentaharacterizations presented in order to confirm the hypothesis

tha mechanical waves can be induced onto a structure as long as there is a phase difference

between the signals and the excitation frequency is bettheéno bending modes.
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Figure 4.5 Experimentabnalysisof traveling waves generated on a ffese beam. (a)
Experimental Setup, (b) Modal Analysis, (c) Traveling wave throughffesebeam
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Table 4-1 Experimental and theoretical results for the natural frecuef freefree beam

Point Force D.P.

Frequency Experiment(Hz) (H2) Error (%)
1 35 31.69 10.4
2 89.69 87.37 2.66
3 175.9 1711 2.81
4 293.4 282.9 3.71
5 444 .4 422.5 5.18
6 625.3 590.2 5.94
7 835.3 785.6 6.32

A comparison of the traveling wavelmavior was conducted at a frequency which was
half way between the third and fourth mode shape phase differenceras kept aB0° between
the two excitation signals. This comparison for the-free case is presented Figure 4.6.
Figure4.6 (a) displays the results from the simulateddel while the respective experimental
resultsare shown inFigure 4.6 (b). The figure shows the response of the vibrating beam as a
function of time with both theXY and YZ planes projected. These projections were used to
illustrate the existence of the traveling wave and its profile respectively. The blue are&dn the
plane represents the total space covered by the beam during its mdiime.itsimilarly, the
projection on theXY plane represents the beam amplitude as it changes with time.
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Figure 4.6 3D representation of traveling waves obtained (a) theoretically and (b)
experimentally

Once the simulated models were verified for the specific case, additional analysis were
conducted in order to better understand the behavior of the structure as it deformed. The results
of this analysis are presentedRigure 4.7, where the response of the beam was calculated and
then simulated for the given boundary conditio@arrespondinglythe frequency response
function (FRF) for each structure was obtained and the resonance frequencies were identified.
The insets above theRIF curve correspond to the profile of the waves generatbe @sonance
frequency and the insets below the FRF curve, to the ones generated at a frequency, which is
between two resonant frequencies. A clear distinction between the traveling wavesndimst
waves can be identified from the insets. The profi¥es plane projection) allure to the fact that
standing waves (above the FRF curve) are associated with nodal points and traveling waves
(below the FRF curve) are not, which is expected from #tera of the two waves. In addition,
the contour plots associated with each profile compliments the analysis and describes the
behavior in further details. As presented, the contours for standing and the travelingareaves
clearly distinct from each othdor any frequency or boundary condition. The standing wave
contours are discontinuous and the ones for traveling waves are continuous, which suggests the
presence or absence of nodal points respectively. In addition, for the traveling waves, the figures

canbe used tadentify not only the presence of the wave, but alsdrdneelingdirection and the
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corresponding speed. If the slopes are negative, the wave moves from left to right and conversely

if the slopes are positive, the direction is from righteft The reason why the direction of travel

alternates as the excitation frequency mot@sexample fromwi (w,w) to wi (w, w) to

wi (w,w), is due to the existence of even and odd mode shapes which are coupled with the

phase difference between the excitation signals.

100 200 300
Frequency (Hz)

FRF - Disp./Voltage (m/Volt)

Figure 4.7 Complete analysis dhetraveling waves through finite medium and their behavior
on afreefreebeam

Previous resultBave achievednly a partial validation of the dynamical model, which is
presaited inFigure46.In or der to answer the question, A H

predicts the wave profile of a traveling waseene x p e r i mgadditianall sfu®y dwas

conducted. The results are preseritedh specift frequencyi (V\é V‘A)’ 241Hz which resulted

in generation oftraveling waves.The theoretical modethowed a close match with the
experimental data. The profile of the traveling wave coomedpwith the projection of the XZ
planein Figure4.6.
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Figure 4.8 Traveling wave envelope obtained experimentally and theoretically. Actuation was
conducted at a frequency between two mode shapes with phase difference of 90° and frequency of 241Hz
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4.5 Mechanical Wave Characterization
In addition tothe theoretical model that describes the dynamics of mechanical wave

through freefreebeam, additional worlon characterization is required to explain the parameters
governing the generation and propagation behawiostudy by Bucher et alfocused onthe
mechanical wave characterization and identificafi®r] demonstrated that when a structure is
excited at two points at the same frequency but with phase diffeo€8€8 a propagating wave
occurs. This is due to the fact that part of theemfid wave which normally occurs during
i mpedance changes wxi)s Akxeg)a tBdod W) ang corfebpBndingty
results in a combination of a stationary wave and a traveling wave.

As mentioned earlierpiezoelectric elementsvere used asthe excitation source.
Piezelectric plates aran alternative to vibration shakeasdprovide morepracticalsolutionin
the design of propulsion mechanisiis studyshowsthat each frequency has a corresponding
phase which contributes towards wave formation and it is not fx8@° as previously reported.
Hence, two different approaches that are used to measure the qualitygehénatedvaves are
presented: Hi | ber t 6 $heratwa appFoaches iwere Gabidateal ghpough a ¢ h .
experimental work and then compafeda freefree beam.

As stated previously, mechanical waves form as a function of frequency and phase

difference, and based on their behavior they can be classifiedhas standing, traveling or
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hybrid (combination of standing and traveling). A schem&resentation of the waveforms for
each of these types of wavesshownin Figure4.9. Noticeable difference between the three can
be identifiedin this figure The pure standing wave is associated with nodal points and only
transverse harmonic deflection while the pure traveling wave does not contain any nodal points
and propagates with nerarying amplitude. The special case is the hybrid wave which is a
combination of standing and traveling waves where the amplitude of thee wapagates while
oscillating transversely. The dominance of the traveling wave over the standing wave behavior is
directly related to two factorsorresponding tdrequency and phase difference betwéertwo
excitation signals. It is precisely thes@graeters that are being investigated in the wave analysis
through Hil bertds and Fourierbds approach in
direction of travel.

Hi |l bertds approach is achieved in tree ti me
such as the frefree beam is represented in the complex plane. Through experiments, using a
laser scanning vibrometer or accelerometers, the response of the system is a real quantity. In
order to obtain its orthogonal counterpart, i.e. the imaginamyponent, the signal goes through
atransformatophence Hi |l bertods transfordbl)descri bed th

w,(% )= W(x § HH(W(X 9) (45.1)
where w;, is the analytical response. Following this approach, the response of anuatpadht

on the structure as a function of time will resmita circle. This is achieved as follows. In

Hil bertds transform, the trajectory oMxtleach p
) and its Hilbert transformed signaiH (w(x,t)) also a sinusoidawave, but with phase

difference of 90 degrees. When the analytical signal is plotted in the complex plane the response
is represented ascarcle with radius equal to the amplitude of vibration. Therefore, in a scenario
where pure traveling wave existhe amplitude of all the points across the structure are the
same, hence resuft shownwith multiple circles characterized with equal radiuses (all lie on top

of each other). Unlike pure traveling waves, pure standing waves have points with zero
displacenents (nodal points), maximum displacements and points with amplitudes in between.
This corresponding resultppear with a filled circle when presented in the complex plane.
Finally, in thecase for hybrid wes the minimum amplitude is never zero simoglal points do

not exist, hence doughnut shape circle is observed.
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The Fourierds represents the resgbhatmshe of t
frequency domain. Since all the points are excited at one frequency, the phase and the magnitude
oft he Fast Fourier Transform (FFT) peak of ind
approach where single point traces a circle as a function of time, here, the phase and magnitude
of vibration of a point is recorded and plotted as a singleevan the complex plane.
Accordingly, when a pure traveling wave occurs, the amplitudes and phase differences between
the consecutive points along the structure form a circle. This is due to the fact that thexe exist
phase difference betwedhe consecute points, hence there is a propagating wave and since
their amplitudes are identical the points lie on a ciréen standing wave is generated, the
phase is either 0° or 188ndthe FFT magnitudes are differemhich results ira straight line in
the complex plane. Finally, for the hybrid wave case, the existent phase difference and different
magnitudes of the FFT resuwlll result ina responséhatis represented by an ellipse. Due to the
phase change, the points in the complex plane will notdiegaa straight line, but rather on an
ellipse If the effect of traveling wave is dominating, the ellipse will resemble more to a circle,

conversely if standing wave is dominating, the ellipse trathsformto a straight line.
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Figure 4.9 Conceptualllustration of standing, traveling and hybrid waves and the different
methods of their classification

The theoretical model developed in Sectidr8 was used along with an etem
mechanical model utilizing piezoelectric actuatitinhas been observed that when a beam is
excited with two input signals with phase difference betwiem thana traveling wave is
generated. A full study on this observation has been conducteitféventt frequency inputs. An
example of these results is presented for a frequency of 243Hz (equal to the arithmetic mean of
the 3% and 4" natural frequency) and phase difference of 90°. Accordifatyre4.10 presents
the results obtainedheoretically and experimentally for thiisclosedparametergphase and
frequency) Since hybrid wave was observed, it was intuitive that the waveform would not
indicate any nodal point§jgure4.10 (a). As a resliiof the previous discussion, two results were
expected, a doughnut shape cishowhieFigaredd0(®sent i n
and an el lipse obt ai nesdownisFigmred.1a(d).dheEamparisoe r 6 s a
between the experimental and theoretical results for each case revealed very close match,
showingthe accuracy of the model predicing the waveresponse. To note iRigure4.10 (b),
two experimatal points (obtained from a smaller window along the length of the beam) were
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selected (the maxima and minima point on the waveform) in order to present the response. This
was done for more convenient visual representation of the results. As seenptinsesdor the

two points trace a circle (dashed red line) where the inner radius and outer radius equal the
values of their vibration amplitudes. On the
magnitude of the FFT response for multiple poatsoss the length of the beam for the specified

window, was first calculated and then plotted in complex domain. Accordingly, due to the nature

of the waves, the points lie on an ellipse.

Figure 4.10 Comparson of mechanical waves obtained experimentally and theoretically at

243Hz and phase difference of 90° between the two excitation signals: (a) traveling wave
waveform, (b) response of the wave according
waveaccording to the Fourierds method

Once the theoretical model was validated against the experimental one, the step that
followed was to use any of the two approaches in order to classify and qula@tfgves. This
was achieved by obtaining their coshétion (CF), Eq(4.5.2).

CF = rmax - rmin (452)

r'max + r‘min

wherer ,corresponds to the outside radius of <cir
radius of an el |l i pse rj correspores té-tbeunsideeadidssa cirdlep pr o ac

and minor radius in the two approaches respective@guyre 4.10 (b-c). In thisstudy Hi | ber t 6
approach was used to define the CF for a-free beam. Consequently, presenite&igure4.11

are the results obtained through simulations for the CF which was attained by varying the
frequency (OHz50Hz) and phase anglel80°7 180°). The results clearly indicate that phase

angle of 90° is not the only possible phase required to otttainaveling waves. Instead, it can

be observed that each frequency has a corresponding phase which affects the cost of the wave
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