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Abstract 

Surgical procedures conducted without proper guidance and dynamic feedback 

mechanism could lead to unintended consequences. In-vivo diagnostics and imaging (the Gastro-

Intestinal tract) has shown to be inconvenient for the patients using traditional endoscopic 

instruments and often these conventional methods are limited in terms of their access to various 

organs (e.g. small intestines). Embedding sensors inside the living body is complex and further 

the communication with the implanted sensors is challenging using the current RF technology. 

Additionally, continuous replacement and/or batteries recharging for wireless sensors networks 

both in-vivo and ex-vivo adds towards the complexity. Advances in diagnostics and prognostics 

techniques require development at multiple levels through systems approach, guided by the 

futuristic intelligent decision making environment that reduces the human interference. The 

demands are not only at the component level, but also at the connectivity of the components such 

that secure, sustainable, self-reliant, and intelligent environment can be realized. This thesis 

provides important breakthroughs required to achieve the vision of intelligent healthcare 

environment. The research contributions of this thesis provide foundation for developing a new 

architecture for continuous medical diagnostic and monitoring. The chapters in this thesis cover 

four fundamental technologies covering the in-vivo imaging, ex-vivo imaging, energy for 

sensors, and acoustic communication. These technologies are: locomotion mechanism for 

wireless capsule endoscope (WCE), multifunctional image guided surgical (MIGS) platform, 

shape memory alloy (SMA) thermal energy harvester and thermo-acoustic sonar using carbon 

nanotube (CNT) sheets.  

First, two types of locomotion mechanisms were developed, the first one inspired by millipede 

legged type mechanism and the second one based on the traveling waves that were induced onto 

the walls of the WCEs through vibration.  
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Both mechanisms utilize piezoelectric actuators and couple their dynamics and actuation 

capability in order to achieve propulsion. This controlled locomotion will provide WCE 

advantage in terms of conducting localized diagnostics. Next, in order to conduct ex-vivo 

surgical procedures using the OCT such as removing the unwanted tissue and tumors short 

distance beneath the skin, MIGS platform was developed. The MIGS platform is composed of 

three key elements: optical coherence tomography (OCT) probe, laser scalpel and high precision 

miniature scanning and positioning stage. The focus in this dissertation was on design and 

development of the programmable scanning and positioning stage. The combination of in-vivo 

tool such as WCE and ex-vivo tool such as MIGS will provide opportunity to conduct many non-

invasive procedures which will save time and cost. In order to power the feedback sensors that 

assist in remote operation of surgical procedures and automation of the diagnostic algorithms, an 

energy harvester technology based on the SMA thermal engine was designed, fabricated, and 

characterized. A mechano-thermal model for the overall SMA engine was developed and 

experimentally validated. Finally, the thermo-acoustic sound generation mechanism using CNT 

sheets was investigated with the goal of developing techniques for acoustic localization of WCE 

and customized sound generation devices. CNT thermo-acoustic projectors were modeled and 

experimentally characterized to quantify the dynamics of the system under varying drive 

conditions. 

 The overall vision of this thesis is to lay down the foundation for intelligent healthcare 

environment that provides the ability to conduct automated diagnostics, prognostics, and non-

invasive surgical procedures. In accomplishing this vision, the thesis has addressed several key 

fundamental aspects of various technologies that will be required for implementing the 

automation algorithms. 
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1 Chapter 1 – 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 in consequences of severe magnitudes due to wrong or 

missed treatment. As a consequence, missed diagnostics have been responsible for $38.8 billion 

in spending between 1986 and 2010, [1] and this has been the cause for injuries for 80000-

160000 patients yearly. Even though medical practitioners are trained to provide careful and 

systematic diagnostics, these are not 100% accurate. It is therefore necessary to understand that 

misdiagnosis occurs primarily due to the lack of information doctors acquire from their patients. 

Often the reason for this is that current technology does not provide conclusive analysis of the 

causes for specific diseases. There are many possibilities for the symptoms exhibited by the 

patient and unfortunately a correct diagnosis requires multiple tests. This could be both time 

consuming and also source for error. What is needed is automation and continuous monitoring 

techniques that are able to utilize data analytic techniques to predict the right diseased state.  

Unlike misdiagnosis, there are also medical errors that can result in deterioration of the sickness. 

According to the study conducted for CNN Health, [2], quarter million causalities and several 

million injuries in United States occur due to the errors such as the ones listed in Figure 1.1. 

Patient falls due to the negligence costs the US healthcare system $1billion annually, [3]. 

Moreover, infectious diseases inside the Emergency Rooms (ER), waiting areas, procedure 

rooms and hallways represent a serious problem in hospitals. There have been recorded 1.7 

million healthcare infectious diseases in U.S. hospitals [4], and around 100000 deaths each year 

from such infections. Mistakes are inevitable in any institution and unfortunately they will 

continue to exist. The biggest distraught is that many of these errors can be avoided by proper 

support from technology. Integration of sensors networks inside hospitals will be able to provide 

information that could assist in continuously acquiring information which will provide resources 

to tackle the errors. However, distributed sensor networks require a power source that will allow 

their continuous unrestrained operation. The dominant sources for power are batteries, but they 

need to be periodically replaced and/or recharged which 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.    
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Figure 1.1 Most common medical errors 

1.2  Background 
Developing a futuristic high-tech hospital establishment requires the merger of many 

technologies and their integration. This dissertation focusses on some novel technologies that 

will pave the pathway for better diagnostics, error-free hospital environments and comfortable 

experience for the patients. 

 Determining the disease that a patient is facing can be established by identifying all the 

symptoms and then properly correlating them with the known disease conditions. One way to 

achieve this is through 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 correspondingly 

produce an appropriate response such as: alerting of medical staff, repeating diagnostics or 

conducting alternative one, and/or executing treatment protocol.   

From a diagnostic point of view, some of the most commonly used technologies  in hospitals are 

imaging instruments: Magnetic Resonance Imaging (MRI), X-Ray, photo acoustic imaging, 

thermography, ultrasound, endoscopes, and etc.  

With its roots going back to the 1
st
 half of the 20

th
 century, the MRI has come long way and has 

become one of the most essential tools in the field of diagnostics. [5]. MRI works on the 

principle of imaging the protons which are abundant in the human body. When resonance 

frequency (Larmor resonance frequency) is applied, the protons align with the magnetic field; 
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they absorb the energy and then relax back to the original state. During relaxation they produce a 

voltage spike which is detected by 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 human body. MRI 

has been used in detecting neoplastic meningitis with limited use in leukemia and lymphoma, 

[6], breast cancer detection[7], multiskeletal system, [8], detection of brain tumor, [9] and etc.  

X-Ray or computed tomography [10] is another widely used tool for scanning the 

abnormalities in body. It uses electromagnetic radiation at frequencies in the range 30 petaherz-

30exahertz. As the patient is exposed to the X-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 on the radiograph generating contrast in the images.  

Photo-acoustic imaging [11] works on the principle of generating acoustic waves through 

light. For this imaging technique, non-ionized laser pulses are sent to biological tissues. The 

energy which is absorbed is converted into heat and leads towards thermoelastic expansion, 

which can be deteced  by ultrasonic transducers. In this case, optical scattering increases with the 

depth of penetration. For these reasons, they are mainly used for imaging at distances of 1mm 

below the skin. Some of the key imaging function for photo-acoustic imaging is cancer detection. 

Similar to the photo-acoustics, another technology that uses optics for imaging is optical 

coherence tomography (OCT) [12, 13]. This imaging technique uses near infrared light to 

penetrate the skin with depths below 1mm. It is similar to ultrasound however  instead of sound 

it uses light to obtain a cross-sectional image of the tissue. Unlike other methods, this technique 

obtains very high quality image of the tissue topography and can be used to detect skin cancer 

and tumors in the skin. 

Another imaging approach is thermography, [14] which was established on the principle 

of detecting the heat radiation and physiology of thermoregulation of the human body. One 

application of this technique is for breast cancer detection since the tumor  requires increased 

supply of nutrients which increases circulation and causes temperature increase. 

  Another acoustic method for diagnostics is ultrasound [15]. Medical sonograph  is used 

to capture the size and image of the muscles, tendons, including many internal organs. A high 

frequency sound 2-18MHz is produced and directed towards the human body. By measuring the 

time delay between the generated sound and the reflected one which is received by the receiver, 
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it causes a transducer to generate electrical signals. These signals are then processed and digital 

images are constructed.  

Endoscopy represents the less-invasive procedure unlike the non-invasive procedures 

previously discussed. Endoscopes are equipped with cameras and are mainly used for inspecting 

the gastrointestinal (GI) tract of the human body but can also be used for inspecting the 

respiratory tract, the ear, the urinary tract and the reproductive systems.  

Besides imaging tools, other sensors in hospitals can be of significance if they can be 

used for collecting relevant information unobtrusively. One type of sensor is radio frequency 

identification (RFID) that has the potential to play important role in hospitals. Through proper 

integration, these sensors can assist in eliminating or at least drastically reducing some of the 

medical errors presented in Figure 1.1, [16]. The RFID system is composed of two key elements, 

RFID tag and RFID scanner. The RFID tags contain information which is electronically stored 

and can be integrated on tools, equipment, patients, doctors etc. RFID tags can be scanned while 

in motion without the need to be in the direct line of sight. These tags are composed of antennas 

and electronic chip which are responsible for transmitting data signals. Tags can use batteries or 

collect energy from the electromagnetic 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 scanner. The RFID can also be active if it reads signals from a passive 

tag or 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 of staff and 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 or hospital 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 RFID tag belongs to a medical staff, as 

soon as the nurse or doctor enters patient’s room, a snap shot of the patients’ vital signs and 

sensory interpretation will be automatically displayed on a screen. Based on their clearance level, 

they will be able to get access to the patient’s medical history and daily treatments and 

accordingly admit the proper medication.  
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The General Electric (GE) Company is a major player in the area of a Smart hospital. 

One of the initiatives of GE is developing technology which will mitigate medical errors through 

the integration of intelligent real-time 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 algorithm that is able to track the patients’ face 

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 the only sensors that can find use in hospitals. Temperature, humidity, 

occupancy, motion, heat, acceleration and other sensors will  be used as well. The downside is 

that all these sensors need some type of power source, which currently is dominated by batteries. 

Batteries though, unfortunately follow the slowest progression trend 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 is essential that alternative power solutions are discovered 

and matured. Energy harvesting is a research area which explores this issue. This research topic 

is challenging and is even more complex in the indoor environments. In nature, energy sources 

that can be found in abundance are: solar, wind, geothermal, hydro and vibration. Only few of 

them can find applications in indoor environment and the most promising among them are 

thermal and vibration. Since vibration can mainly be obtained from operating machines and the 

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 attractive imaging diagnostic room for 

kids. The Adventure Series 
TM 

is an experience which makes imaging technologies such as 

Magnetic Resonance Imaging (MRI), X-Ray, and Computed Tomography (CT) more inviting. 

Instead of conventional hospital paint and design, the GE Adventure Series 
TM 

 has redesigned 

them into different colorful experiences that young children find very amusing, such as: Pirate 

island, Coral city, Space adventure, Jungle adventure and etc., [17]. 

Comfort in hospital environment is an essential ingredient towards expediting the healing 

process. Besides the integration of electronic devices such as video game consoles, TV and 

internet, aesthetics and acoustics can be adjusted to provide additional support through sound 

therapy. It has be shown that sound therapy can enhance the relaxation and reduce the stress 
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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 patients which have or will undergo medical surgical 

procedures. Since stress can potentially enhance other side effects [19] it can have adverse effect 

on the medical procedure that is about to be performed and therefore lead to complications. 

Medical therapy through sound can be used to activate the Nitric Oxide (NO) molecule that 

offers  protection against microbes and physiological disorders such as hypertension. In addition 

it can diminish the immune and endothelial activation. In this thesis, a novel sound generating 

device is introduced that has two purpose (1) provide a source for acoustic localization in the 

wireless capsule endoscope WCE module, and (2) provide a source for customized sound 

therapy through flexible speakers.  

The development of SMART futuristic hospital has several practical challenges that need 

to be addressed by developing multifunctional technological components. Figure 1.2 describes a 

set of tools that can assist with the transformation of an ordinary hospital room into an intelligent 

environment. Some of these elements are: sensors, simulation equipment, diagnostic tools and 

various electronic components that help in creating a safe and relaxing environment while 

providing the state-of-the-art automated diagnostics and prognostics.  

 

Figure 1.2 Projected technological components that will be required for an intelligent hospital 

room 
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This dissertation focuses on a subset of technological advancements required for 

intelligent healthcare environment. The integration of these devices/technologies into a smart 

hospital room, Figure 1.3 will provide the rapid advancement required to achieve the vision of 

automated healthcare that is cheap, reliable and fast. The numbers in this figure correspond to the 

four focus areas in this thesis.  

 

Figure 1.3 Intelligent hospital room representation 

1.3 Previous Work 
As described by Figure 1.3, there are four key technologies that are addressed in this 

dissertation. The main emphasis was towards the development of active locomotion mechanism 

for wireless capsule endoscopes, represented as “1”. First, in order to introduce the current state 

of the research in these areas and define the problem statement for wireless capsule endoscopy, a 

detailed literature review is provided. 



8 

 

1.3.1 Background of Endoscopy 
 Endoscopy of the upper and lower Gastro Intestinal (GI) tract is considered to be a   

routine diagnostic and therapeutic outpatient procedure. It is a procedure for closer and 

noninvasive examination of the GI tract, conducted by insertion 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 or manipulators. Accordingly, they provide diagnosis and 

therapy of a wide variety of pathologies that originate in the epithelial tissue. Moreover, upper 

and lower GI endoscopies are considered to be powerful tools in diagnosis of gastrointestinal 

inflammatory disease (gastritis, esophagitis, Chrons disease, Inflammatory bowel disease)[20], 

cancer [21], varicose venous structures [22]. The same procedure can be utilized for minor 

therapeutic procedures such as foreign body removal[23], sclerosis/ banding of esophageal 

varices[24], esophageal stenting[25], and  removal of GI polyps[26]. Advances in fiber optics 

and imaging technology have greatly improved the visualization capabilities of conventional 

endoscopes. Nevertheless, the reach and maneuverability of tethered endoscopes is limited. 

Comprehensive endoscopy of the organs in the digestive system such as esophagus, stomach, 

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, Given Imaging 

Ltd.), miniature optics and microelectronics. Respectively, these achievements are responsible 

for a paradigm shift in visualization of the GI tract for clinical diagnosis. Currently WCEs are 

approved by the FDA for the diagnosis of Crohn’s disease, intestinal bleeding and inflammatory 

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 conventional endoscopes because of their passive nature. 

They cannot be controlled or conduct biopsy, and targeting specific areas of interest inside the GI 

tract is simply inconceivable. Consequently, the results of the WCE’s operation as it moves 

along the GI 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 the GI tract. Once 

acquired, these images aid towards a coarse medical diagnosis. 
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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 controllable pill-size medical 

which will aid towards more sophisticated medical diagnostics.  

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 in Figure 1.4 and discussed in more details in, 

[27]: locomotion, diagnostics, localization, 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 

covered in Figure 1.4, 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 represented an inspiration behind the research focus contained in this 

proposal. 

 

 

Figure 1.4 Key functionalities that complement the wireless capsule endoscopes 
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 Vision: Acquiring and transferring images obtained from the GI tract over to a platform 

outside the human body is one objective that WCEs need to accomplish. The images need to be 

of high definition and should be transmitted at around 24 frames per second in order to appear as 

a video. This will provide better control 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 research initiative since real time feed is necessary in cases when biopsy or 

intervention is required.  

 The vision system requires on board hardware composed of: vision sensor, lens, 

illumination source, image compression chip and optimal sensor (which is composed of charged 

couple devices). Nevertheless, current image sensors capture 2 frames per second and collect 

around 55000 images from the very beginning to the end of the operation inside the GI tract [28]. 

Since the data transfer between the capsule and the outside platform is rather slow, image 

compression is also essential. The challenge lies in the data transfer when the power is limited 

and the size requirement is critical. For future robotic capsules the estimate is 20 or more 

compression ratio [29]. Besides the ability to transfer images at high rate from the capsule, other 

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

system and traditional endoscopes has been presented in [30]. 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 adenomas and colorectal cancer is very low. In 

order to obtain better quality images a much more extensive bowel preparation regime on 

patients is required.  In addition, a great potential is the ability to visualize the entire intestine 

environment. Even if the streaming 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 available, [31] in order to make a safe decision 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 be obtained via the integrated camera, however, the 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 bio-robot capsule is required. This will improve the accuracy 

of the diagnosis 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 vision 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 capsule. Using 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 through different 

mediums, therefore, delays in acquiring the data is obtained. Due to noise in the signals the 

experimental error can reach 37 mm using RF and around 5 mm using magnetic tracking. RF 

signals do not propagate efficiently through water environment and due to the fact that the body 

is 65% water, RF is not the most accurate localization approach. Ultrasonic pulses emitted 

outside the body and echoed from the capsule can also present a way of tracking the capsule 

along with tracking of the radioactive material placed inside the capsule which will emit signals 

that are strong enough to be detected using radiation cameras, but weak enough to avoid adverse 

effect to the patient’s health [32]. There are two methods which can be proposed for tracking the 

capsule inside the GI tract. One of these localization method consists of two parts. A permanent 

magnet is placed inside the wireless capsule which is located at x, y, z location inside the human 

GI tract with respect to a reference frame. Since the permanent magnet emits a magnetic field, 

the same can be measured using magnetic sensor such as the 3-axis magnetic sensor with 

microtesla sensitivity, HMC1043 (Honeywell). This array of magnetic sensors can be integrated 

on a vest which the patient can wear while the endoscopic procedure is under way. An external 

power supply can be used to power the magnetic detection sensors which can also be integrated 

with the vest. Once the signal is detected, 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 technology 

and improve it by providing a visual representation of the position and orientation of the WCE 

on a display screen, such as laptop. This approach has not yet been tested but it is expected to 

provide an estimated visual representation of the movement of the 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 specific to the patient’s body. This image file can then be saved as an STL file 

and opened by computer aided design (CAD) software such as NX Unigraphics or Solid Works, 
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which will provide 3-D representation of the GI tract. Once this is accomplished, an interface of 

the 3-D image obtained from the CAD software with NI Labview can be obtained. Combining 

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

representation of the capsule moving through the patient’s body can be created.  

 An alternative to this method would be acoustic wave triangulation and communication 

with either implantable sensors or sensors placed outside the patient’s body. This approach 

coincides with some of the research efforts pursued in this dissertation and accordingly 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 GI tract and 

then transfers them to a receiver outside the body. For future WCEs, however, the 

communication has to occur in both directions. In one direction, the acquired images are sent to 

the receiver and in the other direction commands from an external controller are sent to the 

actuators required to propel the robotic endoscope. Wired endoscopes can obtain HD quality 

1920 x 1080 pixels per frame at 30 frames per second. Due to the limitations of the current 

technology, this is a very ambitious goal for WCEs. Instead, research effort should put more 

emphasis on the power efficiency and data rate. For wireless control of the motors the ZigBee 

technology seems to most promising with 250Kbps. On the other hand, for image transmission 

and data transfer, an innovative new method known as electric – field propagation which uses the 

human body as a conductive medium could potentially be used. This method has demonstrated 

the capability to transmit data at rates of 10 megabits per second [33]. 

 Power: Piezoelectric motors are characterized with high force, fast response, low power 

requirements and miniaturization capability which makes them favorable over other actuators 

such as: shape memory alloys, electromagnetics motors, electro active polymers etc.  As a 

reference, the Squiggle motor (New Scale Technologies), is the smallest commercial motor with 

power requirements of <300mW. Thus, use of piezoelectric is quite positive for developing 

locomotion mechanisms using piezoelectric actuators. Current designs such as the PillCam and 

the Olympus wireless capsules use watch batteries with 3V at 55mA-hr and can deliver 20mW of 

power. Other researchers have used Lithium Metal Oxide battery TLM-1030 batteries, which can 

provide enough power required for both DC brushless motors rated at  430 mW and the real time 
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vision system which requires 180 mW. With this battery the 12 legged capsules, [34] can 

complete a 30 minute colon transit. 

In order to reduce power consumption, the design of the WCEs can be such that the robot 

can be activated only at the area of interest. At any time before the desired section of the GI tract 

has been 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 harvesting are worth investigating as well. Wireless power transmission can be 

created using inductive coupling. This concept is presented by Carta et.al [35], where power can 

be derived from a magnetic field established by an external solenoid coil. The system employs a 

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 base station to the capsule.  

Diagnostics and Tissue Manipulation: The invention of the Pillcam has revolutionized 

endoscopy because of the ability to wirelessly obtain images from the GI tract. The application 

continues to gain attention from  researchers and many new concepts are being pursued for this 

medical imaging device. In fact, besides the ability to diagnose the patients by only visually 

identifying the abnormalities inside the digestive tract, the research today focuses towards 

integration of on-board diagnostic system. Sensors that will measure the pH level, pressure, 

oxygen concentration, blood chemistry, temperature etc. are just few examples that have been 

proposed [36]. For example, by measuring the pH level and pressure, [37] diagnosis of 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 digestive tract, medical doctors can 

provide much more confident diagnosis for any disease. Conducting biopsy in the GI tract 

requires that 1mm
3
 of tissue sample is obtained and then analyzed within 1-2 hour of extraction, 

[38]. Some biopsy tools that have been developed for WCEs are discussed in [39, 40].   

1.3.2 Locomotion Mechanisms 

Multiple factors aid towards the efficacy of swallowable robots 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 diagnostics. Current 

locomotion mechanisms can be categorized in two groups: external and internal to the body. 
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External systems do not require actuation mechanism rather only 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 body through controlled attraction and repulsion. On the other hand internal to 

the body locomotion mechanism enclose the entire system which includes: actuators, linkages, 

legs, batteries, and on board electronics. Both types of mechanisms have advantages and 

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 torques that assists the motion through GI tract. The disadvantage is the large size and 

complexity of the system that is outside the patient’s body and it is responsible for controlling 

the capsule. The internal locomotion system even though requires complex system of elements 

stored inside the capsule as well as 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 with his/her 

normal day, while the WCE scans the GI tract. This is significant as far as the patient adoption of 

the technology is concerned and thus internal system represent the future of this technology i. In 

next section, literature review on some of the most popular internal locomotion mechanisms is 

presented. 

1.3.2.1 Internal Locomotion Mechanisms Review 
Several locomotion mechanisms have been reported in literature  that has  certainly  

increased the interest in the field of wireless capsule endoscopy. This section will  provide an 

insight in to the state-of-the-art, covering some of the notable advancements. First, an 

introduction to various actuation mechanisms that are relevant towards the design of WCEs is 

provided. These actuators are: electro-magnetic, piezoelectric, shape memory alloys, pneumatic 

and electro-active polymers.  

 Electromagnetic actuators are the most traditional actuators and a wide variety of 

designs is commercially available. They can be obtained in different sizes and shapes and 

with varying output capabilities: rotational and linear. Their efficiency goes down as the 

size of the motor reduces but they are able to retain torque, velocity and other 

performance characteristics enough to meet the requirement for various platforms. Their 

miniaturization is much more complex and sometimes even not feasible when compared 
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to other actuators. Many drivers/controllers are easily available for controlling the 

electromagnetic actuators. Moreover, since size is a limitation, in WCEs they are only 

used in the rotational mode. This means that their integration requires gearing and 

additional mechanical assembly that will convert the rotational motion of the motor in to 

a desired motion required to propel the WCE. Electromagnetics are very affordable and 

are the most common actuators used in the design of locomotion mechanism for WCEs. 

 Piezoelectric actuators are commonly used in high precision applications where high 

sensitivity and fast time response is required. Unlike electromagnetic motors, 

piezoelectric motors have higher efficiency at lower size. They can be developed even on 

the MEMS scale. They can be used to create both rotational and linear motion while their 

size remains small. Nevertheless they usually need high voltage input, which makes the 

driver/controller more complex than the electromagnetic motors. Additional advantages 

are that they are completely non-magnetic and are non-flammable. 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 actuators are the most traditional muscle-type 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 

actuated electrically by joule heating. Usually, they are operated at frequencies below 1 

Hz, since it takes time for the SMA to heat up and then cool down to its reference 

temperature before it achieves one full cycle. SMAs are characterized with a hysteresis, 

which makes control more difficult when compared to piezoelectric and electromagnetic. 

They also require more power to operate them when compared to the previous actuators 

discussed. They however can produce large force and can also be integrated in many bio-

inspired designs due to their muscle type actuation capability.  

 Electro-active polymer actuators are soft type actuators which are dominantly used for 

the development 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 

polymers: dielectric, ferroelectric, ionic, electrorheological, liquid crystalline etc. Most 

commonly used in the WCE application are the dielectric ones, which usually require 

high voltage but low electrical power consumption. 
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 Pneumatic actuators convert the energy from a compressed air into a mechanical 

motion. They are classified with high strength 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 

order to produce propulsion. This consequently eliminates the wireless part of wireless 

capsule endoscopes. In addition, control and leakage of the pneumatic actuators can also 

represent a significant problem.  

According to the published literature on WCEs, the internal locomotion mechanisms can 

be categorized in the following three groups: legged type, inchworm/earthworm type and other 

innovative concepts. It is important to mention that some of the most impressive work on WCE 

locomotion mechanisms has mainly been conducted (Dario et al.) on legged type mechanisms 

and (Kim et al.) 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 capsule [41, 42]. 

This robotic capsule has most of the required endoscopic functionalities such as: vision system, 

power and telemetry 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 motors coupled 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 mechanism that also uses electro-magnetic actuator and has attracted 

attention in the media and research community is presented in [43, 44]. The novelty behind this 

mechanism 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 hairs. Unlike 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 increases the friction 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 earthworm-like locomotive mechanism have also been 

developed and one such design is presented in[45]. 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. The 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 et.al),[46, 47]. These robots also use 

micro-hooks as a clamping device, but unlike a piezoelectric actuator, they use two-way linear 

shape memory alloy (SMA) spring actuators. For the one presented in [47], microhooks with 

diameter of 180μm were used to develop the bio-mimetic clamping element in the WCE. The 

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 used to actuate the SMA springs.  

A novel locomotion principle was developed and presented in [48] using SMA actuator. 

The inspiration behind this design is from the movement of mucus-cilia system. 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 the legged or earthworm/inchworm type, other 

types such as paddling, [49] and screw type, [50] endoscopic mechanisms exist as well. Both are 

very simple in design and the more effective in terms of propulsion has demonstrated to be the 

paddling one. This design had demonstrated speeds 198-375mm/min while requiring <1W of 

power.  

All of the summarized state of the art WCE robots share similar dimensions (length and 

diameter) and pill-like resembling design. 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. 

Nevertheless, the 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 characteristics, while being 
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associated with highly complex designs, which lead towards large space requirements and high 

manufacturing costs. Similarly, addition of mass (elements that compose the locomotion 

mechanism) to the system will drastically affect the efficiency and 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, this technology 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 problems. 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 result 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 is propulsion 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  according to the vision shown in Figure 1.3 Intelligent 

hospital room representation. The device represented by 1 in this figure is thoroughly discussed 

in Chapters 2, 3 and 4 under the theme of a wireless capsule endoscope with active locomotion 

system. This study  is an attempt towards developing a locomotion mechanism for current 

Pillcam type of devices which function as a passive wireless capsule endoscope for inspection 

and diagnostics of the gastrointestinal GI Tract. The overall 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 mechanism. Using this advanced WCE, one can 

perform delicate surgical procedures or regular diagnostics through automated control functions 

available on the mobile or other computing devices. Chapter 2 discusses the concepts and theory 

behind the development of piezoelectric actuators that were fully characterized and then 

implemented onto a locomotion mechanism described in 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 potential of this mechanism 

to be used as propulsion for WCEs. 

The device represented as “2” in the Figure 1.3 (and discussed in Chapter 5) is another 

device which not only can be used as a diagnostic tool but also as a surgical tool. The device is a 

multifunctional image guided (MIGS) platform composed of three elements: optical coherence 

tomography (OCT) probe, laser scalpel and a scanning positioning stage. By utilizing this device 

as a non-invasive medical tool, the surgeon can perform delicate and intricate procedures on 

patients at limited depths. The OCT probe is used as a visual guidance and the positioning stage 

is used to conduct a scan of the desired area which results in a 3-D image of the tissue 

topography underneath the skin. These images guide the surgeon as to where the abnormalities 

are present and then position the laser scalpel to that area to create an incision without affecting 

the nerves. The study was conducted in collaboration with a team of biomedical engineers with 

focus of this thesis on the development of the scanning and positioning stage.   

 The device represented as “3” in Figure 1.3 is described in Chapter 5.2. This device is a 

shape memory alloy based thermal energy harvester that recovers the waste heat from hot 

water/steam pipes in the hospitals. The objective for the energy harvester is to the power the 

many RFID and other type of sensors that will have a role in the monitoring of the environment 

and patient related physiological factors. The harvester proposed in this study can be easily 

attached to any hot source and generate enough energy to power the distributed wireless sensor 

network. The shape memory based advantages has several advantages over the conventional 

thermoelectric generators as described in Chapter 5.2 and the results demonstrated that this 

architecture could find much wider usage besides buildings.   

 The device represented as “4” in the Figure 1.3 is discussed in Chapter 5.3. This device 

represents a carbon nanotube (CNT) based thermo acoustic speaker which can find use for both 

acoustic localization and sound therapy. Some of the advantages of CNT based sound generation 

devices are their dimensions and non-magnetic nature which makes them promising candidates 

for integration with wide variety of equipment’s and tools. They are flexible and transparent 

which makes them suitable for wearable and decorative components. The sound generation 

component can be integrated inside the human body for data transmission and communication. 

The advantage of using acoustic waves over RF ones inside the human body is related to the fact 
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that water composes 65% of the human body. Because acoustic waves outperform the RF waves 

under water, it makes sound a promising modality for communication. 

 Lastly, Chapter 6 summarizes the work conducted in this thesis and provides future 

direction for the technologies investigated here.  
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2 Chapter 2 – Piezoelectric Actuators: Concept and Theory
1
 

 

Before designing a locomotion 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 

fundamental level. As a result, this chapter focuses on the development of the actuator behind the 

propulsion mechanism of a legged type WCE.  Accordingly, the focus of this chapter is to 

present two piezoelectric actuators developed using bending mode excitation principle. The two 

actuators presented are L-Shape piezoelectric actuator and U-Shape piezoelectric actuator. Their 

concept and principle of operation is presented first, followed by a theoretical analysis which 

was developed in order to predict the response of the system and for parameterization and 

optimization studies. The analysis encompasses two models, finite element piezoelectric model 

and distributed parameter piezoelectric model. The theory developed and presented is for the L-

Shape piezoelectric motor, since the modeling approach for the U-Shape piezoelectric motor 

would follow the identical steps. 

2.1 Introduction 
 In order to develop a locomotion mechanism for wireless capsule endoscopes WCEs  

piezoelectric actuators were selected. This chapter focuses on the development and design of two 

novel piezoelectric type actuators which represent the fundamental element of a legged WCE 

locomotion mechanism. The reason behind using piezoelectric actuators comes from their unique 

characteristics: reasonable combination of torque and speed, quick response, no backlash, 

simplistic design, miniaturization capabilities and high efficiencies at miniature dimensions. 

There are many types of piezoelectric motor that have been developed and presented in literature 

and several commercial products are available. Even though they all have a unique design, they 

can be classified in two categories as either Quasi-static and/or Ultrasonic motors [51]. The 

Quasi-static motors can either follow a stepping or inertial principle. Motors following the 

stepping principle are called clamping –type motors, where one set of actuators clamp to the 

                                                 
1
 Some of the work discussed in this chapter was published in IEEE UFFC. The following are the citations: 

 Avirovik D., Priya S., "L-shaped piezoelectric motor-Part I: Design and experimental analysis", Ultrasonics, 

Ferroelectrics and Frequency Control, IEEE Transactions on;59:98-107,(2012) 

 Avirovik D., Karami M.A., Inman D., Priya S., "L-shaped piezoelectric motor-part II: Analytical modeling", 

Ultrasonics, Ferroelectrics and Frequency Control, IEEE Transactions on;59:108-20,(2012) 

http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=06138731
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=06138731
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=06138732
http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=06138732
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rotor, while another set is unclamped and moves towards a new clamping location, in the process 

creating forward or backward movement. The inertial–type motors [52] use their inertia and 

difference between the static and dynamic friction to create the motion. 

 Ultrasonic piezoelectric motors on the other side can be classified into five categories 

based upon the shape of the stator [53]: longitudinal vibration [54], composite mode of 

longitudinal-bending vibration [55], composite mode of longitudinal-torsional vibration [56] 

[57], bending vibration [58] and in-plane vibration [59]. Exciting at least two orthogonal 

resonance modes of the stator vibrator, results in generation of an elliptical motion on the stator 

surface. The stators of 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 multi-mode vibration at the tip of the concentrator.  Either exciting two 

different electrode groups one at a time, or tuning the driving frequency of the vibrator to a 

different orthogonal frequency pair, controls the rotation or direction of the linear motion. If 

multi-vibrators are used, either the vibration 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 were initially investigated as 

potential candidates in the drive train of the wireless endoscope including New Scale 

Technology’s Squiggle motor [60], Nanomotion’s HR series [61] and Micromo’s PiezoLEGS 

[62]. The HR series motors and PiezoLegs motor from Micromo can achieve velocities up to 

150mm/s and 12mm/s, respectively. They can meet the torque and resolution criterion; however 

their size is too big to be considered for WCEs. On the other hand the Squiggle motor was 

identified as a good candidate with impressively small size and satisfying torque and velocity of 

10mm/s. However, the cost of all of these motors is extremely high and any further scaling 

increases the cost even more, thus limiting their application. This is one of the main reasons why 

an initiative was taken to develop novel cost-effective piezoelectric motors such as the L-shape 

and U-Shape actuators. 

As it will be seen later in this thesis, additional advantages of the L-Shape and U-Shape 

piezoelectric actuators over the previously mentioned motors are evident due to their simple 

design, low manufacturing cost, ease of maintenance, inexpensive 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 as [63]: 

     21
( ) sin 2

2
p t CV t                                             (2.1.1) 

where the power is dependent on the applied voltage, capacitance and frequency. From this 

relationship it can be established that the power consumption is directly proportional to 

frequency. Therefore another advantage of the L-Shape and U-shape piezoelectric motor over the 

ultrasonic motors is precisely due to this relationship since operation will be in a region much 

below the ultrasonic one. Having operating frequency in the ultrasonic range does not disrupt the 

human hearing and therefore it has that advantage over the low frequency motors. However, the 

L-Shape motor was designed such that its optimal frequency of operation is below 300Hz and in 

the WCE application the frequency will be even lower <20Hz which will have a negligible effect 

on the human ear. In addition, it is safer to operate at lower frequencies to reduce the electrical 

fatigue. In any structure, whether it is homogeneous or a composite, defects are more likely to 

originate at higher frequency of vibration especially at the bonding interfaces. Further, 

miniaturization of piezoelectric motor is also a very important factor. This can be achieved if the 

structure and driving circuit of these motors are simplified so that they can be manufactured at 

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 work. Finally, designing 

a driving circuit for low frequency is simpler then designing one for the high frequency 

operation. 

 As shown in this chapter, both the L-shape and U-Shape piezoelectric motor utilize 

bending modes of two bimorph actuators. Since the structure and poling configuration of the 

active piezoelectric bimorph elements used are simple, this motor’s structure is very suitable for 

miniaturization. The work presented in this chapter encompasses the concept design and 

principle of operation of the two actuators followed by the theoretical analysis. The theory uses 

finite element model (FEM) and distributed parameter model approach towards predicting the 

response of the motors. The theory presented in this dissertation only focuses on the L-Shape 

piezoelectric motor, since the modeling approach follows the same steps for the U-Shape motor 

as well. In Chapter 3, characterization of the two actuators as well as their integration onto a 

locomotion platform will be covered. 
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2.2 Concept Design and Principle of Operation 
 

There have been limited studies on the bending - bending type piezoelectric / ultrasonic 

motors. In this category, Squiggle motor has shown promise due to its small compact size [60]. 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 motor [64], uses 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 of 90º with respect to each other result in a wobbling motion. 

Kurosawa [58], designed a bar type traveling wave type ultrasonic motor with dual rotors. A 

piezoceramic was divided into four areas to excite two orthogonal bending modes, and therefore 

generate an elliptical motion. All of these motors share similar concept in the design and 

operation principle. Unlike most bending type motors, the L-Shape motor has a unique design, 

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 bimorphs mounted 

as cantilever beams form the foundation of the structure. The two bimorph elements were excited 

at their 1
st
 natural frequency. Figure 2.1 shows an illustration of the 1

st
 mode shape of a 

piezoelectric bimorph cantilever where voltage is the forcing function. During this excitation, the 

free end of the bimorph exhibits highest deflection. 

 

Figure 2.1 1
st
 Mode Shape of a Piezoelectric Bimorph with Clamped – Free Boundary 

Conditions 

2.2.1  L-Shape and U-Shape Piezoelectric Motor 

In order to implement the two mode excitation principle, two piezoelectric bimorphs 

were attached normal to each other in an L-Shape and U-Shape formation as shown in Figure 
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2.2. The bimorph standing vertically is termed as the base of the motor and the bimorph mounted 

horizontally is the wing as shown in Figure 2.2 (a).  Similarly, the top bimorph is the base and 

the bimorph below is referred to as the wing in the U-Shape motor as shown in Figure 2.2 (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 one. At the free end, the base is connected to the 

wing via a coupler. Besides acting as an off-centered 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 generates motion in X, Y and Z 

direction. Even though the motion of the motor is in three directions the analysis and the theory 

will focus on characterizing the motion at the tip of the wing in the X and Y direction for the L- 

Shape motor and in the X and Z direction for the U-Shape motor. This is because largest 

deflections are present in the XY and XZ plane for the L-Shape motor and U-Shape motor, 

respectively, and this motion is large enough to illustrate the functionality of the motor.  

 

Figure 2.2  Piezoelectric motor structure and 3D orientation: (a) L-Shape piezoelectric motor, 

(b) U –Shape piezoelectric motor 

Since both actuators shared the same dynamics in both the motors (L-shape and U-shape) 

and the difference was mainly in the geometry and the orientation of the piezoelectric bimorphs, 

thus theoretical analysis was conducted on one of the designs (L-Shape motor) and it is expected 

that the analysis can be easily extended to the other design. This is because it is safe to assume 

that both motors will achieve similar dynamics and responses as the interest is in generation of 

elliptical motion at the tip of the wing.  
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The principle of operation of the L-Shape piezoelectric actuator is shown in Figure 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 image in Figure 2.3(a). The first signal 

is responsible for actuating the base and the second signal for the wing. The frequency for both 

signals was the same corresponding to the 1
st
 natural bending mode frequency of the base and 

wing. The image in Figure 2.3(b) shows two sinusoidal voltage signals 90º out of phase with 

respect to each other. The actuation begins with initial conditions set to zero. The initial 

conditions of the motor correspond to step 0, where at t=0, no power is being supplied to the 

motor and therefore the motor remains in static equilibrium. In step 1, voltage signal (red solid 

line) is delivered only to the base. This results in exciting the base at the 1
st
 bending mode. In 

step 2, a sinusoidal signal 90º out-of-phase (blue dotted line) is applied to the wing, therefore 

actuating the wing at its first resonance. During this step, no voltage is applied at the base which 

brings it back to its initial unstrained form, while the wing is the only element being actuated. In 

step 3, the voltage applied to the base is negative and the voltage applied to the wing is zero. 

This results in actuation of the base in the opposite direction to that obtained in step 1, while the 

wing returns back to its initial state of zero strain. In step 4, the base is actuated back to its initial 

position and the wing is actuated in the negative direction due to the negative voltage input. In 

step 5, a single elliptical motion is created. The steps continue to repeat, and the motor continues 

to deform as long as the above sequence is implemented.  
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Figure 2.3 Principle of Operation: (a) Motion of the L-Shape Piezoelectric Motor; (b) Sinusoidal 

Voltage Signals Delivered to the Base and Wing. 

2.3 Theoretical Modeling 
In order to better understand the dynamics of the piezoelectric actuators presented in 

Section 2.2, two different theoretical models were presented and established: finite element 

model (FEM), Section 2.3.1 and distributed parameter model section 2.3.2. Once again, the 

theoretical models included in this dissertation are focused towards the L-Shape 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 the U-Shape piezoelectric motor on any other 

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 their 1

st
 bending mode 

resonance frequencies, which should be in the vicinity to 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 the resonance 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 the same, but the length of the 

beam changes, a similar relationship 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 a FEM of the piezoelectric motor was developed. ATILA [65] was used to model 

the motor in order to obtain optimal geometry as shown in Figure 2.4. 

 In the FEA a hexahedral mesh was used for the structure, driving voltage was kept at 

2Vp-p and the boundary conditions were based on the concept design shown in Figure 2.2. The 

geometry of the bimorphs is defined in Table 2.3-1 and the appropriate parameters for the 

piezoelectric material along with the material properties of the bimorphs are listed in Table 2.3-2 

and Table 2.3-3 correspondingly. 

 

Figure 2.4 ATILA Model of the L-Shape Piezoelectric Motor 
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Table 2.3-1Geometrical Properties of the Piezoelectric Bimorph Used in the ATILA Analysis 

Dimensions (mm) Free  

Long Wide Thick Length (mm) 

35 2.5 0.6 28 

 

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

Mechanical Compliance  

(
  

 
) 

 

Piezoelectric Coupling 

(
 

 
) 

Relative Permittivity 

              
 

 
 

     16.5E-12      741E-12         3130 

     -14.78E-12      -320E-12         4500 

     -8.45E-12      750E-12   

     20.7E-12     

     43.5E-12     

 

Table 2.3-3  Other Materials Used in the ATILA Model 

 Carbon Fiber APC Plastic PZT-5X45 

Young’s Modulus (  ) 210E9 4.1E9 

 

N/A 

Poisson’s Ration 0.74 0.4 

 

N/A 

Density (  /  ) 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 was found. 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, the length of 

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 models of the piezoelectric 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 of the wing 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 shown in Figure 2.5. As noticed in Fig. 5(a), the resonance frequency between 

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

identical, 243Hz. 

 

Figure 2.5 FEM Impedance - Frequency Relationship for Base and Wing, (a) Base Length = 

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 90º out-of-phase and having 

amplitudes of 1V. A representation of the motion generated in the Y2 – Z2 plane is shown in 

Figure 2.6. 
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Figure 2.6 Simulation of the L-shaped Piezoelectric Motor using ATILA  

 

2.3.2 Analytical Modeling of L-Shape Piezoelectric Actuator 

The work presented in this section discusses the development of an analytical model for 

the L-shaped piezoelectric motor through distributed parameter approach. The emphasis 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 modeled mechanically to identify the natural 

frequencies and mode shapes of the structure. Next, electromechanical model of the motor was 

developed to take into account the piezoelectric effect and the dynamics of L-Shape piezoelectric 

motor were obtained as a function of voltage and frequency. Finally, the analytical model was 

validated by comparing it to both experimental and FEM.  

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

accurate analyses, which consequently makes the modeling more user friendly. The analytical 
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model allows parameterization and optimization of the L-Shape motor as well as opportunity for 

scaling the prototype. In addition, by varying the parameters of the motor, the model can predict 

the dynamics at the tip 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 between the stator and rotor is 

highly dependent on the friction between them. Thus, 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 non-linear; 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 
The procedure for developing an analytical model of a complex structure such as the L-Shape 

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 foundation of the analytical model was 

the mechanical system (first step), which was modeled following Hamilton’s principle [4]. Using 

this approach, boundary conditions (BC) and equations of motion (EOM) are derived that allow 

obtaining natural frequencies and mode shapes for 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 model is presented. 

 The necessary factor before the Hamilton’s principle can be implemented is the knowledge 

of the kinetic and potential energy of the system. Various other studies have used the Hamilton’s 

approach in modeling piezoelectric motors including traveling wave ultrasonic motor, [66], 

bimodal ultrasonic motors [67], and ultrasonic rotary motor [68].  

A schematic diagram of the 3D orientation of the motor is presented in Figure 2.7. It can be 

identified from this figure that the actuation of the base results in 1W displacement in the 1Z

direction. As a result of the deflection of the base, a motion of the wing will occur in the 2 2,X Y  

plane even if the wing is assumed to have no actuation properties. As such, the wing can exhibit 
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axial ( 2U ) displacement and rotational motion around 1Y . On the other side, when the wing is 

being actuated via input voltage, it bends in the 2Z  direction by 2W 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 identified as  . This coupling occurring between the base 

and wing results in three axes motion of the motor’s tip, in the 2 2 2, ,X Y Z  direction.  

 

Figure 2.7 Piezoelectric motor structure and 3D orientation.  

 Understanding the dynamics of the motor was the 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 Eq. (2.3.1), (2.3.3) and (2.3.6), (2.3.8) respectively. 

 
1 1

1 1

2 2

1 1 1 1 1 1 1 1 1
0 0

1 1 1
|

2 2 2

l l

p t x lT m w dx I dx M w       (2.3.1) 

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), and the 
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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, 1l . The polar moment of inertia, pI , for piezoelectric bimorph can be described as: 
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 (2.3.2) 

The potential energy for the base is defined as: 
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where the first term is the potential energy due to bending and the second term is potential 

energy due to torsion. The bending stiffness for a piezoelectric bimorph,YI , is given as [69]: 
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 (2.3.4) 

The torsional stiffness, GJ , is rather difficult to calculate analytically for a three-layer composite 

beam structure. This GJ was determined 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 calculated to be 0.0028N/m: 

 
L

GJ



  (2.3.5) 

where   is the torque applied, L is the length of the beam and   the angle of twist.  

For the wing, the kinetic and potential energies are given as: 
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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 wing, 2l , and the third term is the 

rotational kinetic energy about 2Z  which appears in the equation as a result of the moment 

created by the wing. The moment of inertia zI  was approximated by the following expression: 

    2 2

2 2 2 2 2

1 1
( )

3 12
zI m l e l e m l e b      (2.3.7) 

where e  is 2mm and it is included in Eq. (2.3.7) 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: 
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  (2.3.8) 

 With the kinetic and potential energy for the system defined, the Hamilton’s principle was 

applied to derive the EOM and BC. Three EOM and ten BC were obtained from the energy 

method. Equation (2.3.9) – (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. 

 (4)

1 1 1 1 1 0m w Y I w   (2.3.9) 

 (2)

1 1 1 0pI GJ     (2.3.10) 

 (4)

2 2 2 2 2 0m w Y I w   (2.3.11) 

The BC of the piezoelectric motor obtained from the Hamilton’s principle can be grouped 

into four categories: essential conditions at 1 0x   given by Eq. (2.3.12)-(2.3.14), natural 

conditions (forces) at 2 2x l  given by Eq. (2.3.15)-(2.3.16), kinetic conditions (equilibrium) at 

1 1x l  and 2 0x   given by Eq.(2.3.17)-(2.3.19) and continuity at , 1 1x l  and 2 0x   given by 

Eq. (2.3.20)-(2.3.21). Explanation of each BC is provided below: 

 1(0, ) 0w t   (2.3.12) 
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where no displacement is present due to the clamping conditions, 

 (1)

1 (0, ) 0w t   (2.3.13) 

where no strain is present due to the clamping conditions, 

 1(0, ) 0t   (2.3.14) 

where the angle of twist is zero because of the clamping conditions, 

 (3)

2 2 2 2( , ) 0Y I w l t   (2.3.15) 

where the shear force is zero at the free end of the wing, 

 (2)

2 2 2 2( , ) 0Y I w l t   (2.3.16) 

where the moment at the free end of the wing is zero, 

 (2) (1)

1 1 1 1 1 1( , ) ( , ) 0zY I w l t I w l t   (2.3.17) 

where balance of moments appears at the coupling element, 

 (3)

1 1 1 1 2 2 1 1 1 1( , ) ( , ) ( , ) 0tY I w l t l m w l t M w l t    (2.3.18) 

where balance of forces appears at the coupling element 

 (1) (2)

1 1 2 2 2( , ) (0, ) 0GJ l t Y I w t    (2.3.19) 

where the twist at the end of the base equals the bending moment of the wing 

 2(0, ) 0w t   (2.3.20) 

where no displacement appears at the coupling element in the 2w  direction,  

 (1)

2 1 1(0, ) ( , )w t l 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 Eq. (2.3.9), (2.3.10) and (2.3.11), subjected to ten 

BC proceed the separation of variables solution of the form [70]: 

 ( , ) ( ) ( )w x t X x T t  (2.3.22) 

where the displacement depends on two functions, one based on x  and the other one based on t . 

Below are described the steps for solving the EOM. To begin, Eq. (2.3.22) is substituted in Eq. 

(2.3.9), (2.3.10) and (2.3.11) to yield: 
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    (2.3.24) 

 
(4)
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Y I X x T t

m X x T t
    (2.3.25) 

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):  

 1 1 1 2 1 3 1 4 1( ) sin cos sinh coshX t a x a x a x a x        (2.3.26) 

 2 5 1 6 1( ) sin cosX t a x a x    (2.3.27) 

 3 7 2 8 2 9 2 10 2( ) sin cos sinh coshX t a x a x a x a x        (2.3.28) 

where   is 

1
2 4
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1 1

m

Y I

 
 
 

,   is 
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2 2
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2 4

2

2 2

m

Y I

 
 
 

and   is the natural frequency for the 

system. These constants along with the constants of integration 1a - 10a  will be determined from 

the ten BC. The ten BC previously derived, yield ten equations and ten unknown constants of 

integration which can be written as a single matrix given by Eq.(2.3.30) . The matrix is 

composed of ten vectors given through Eq.(2.3.29). Notice that the vectors are in order 

corresponding to the EOM. EOM given by Eq.(2.3.9) goes with BC given by Eq.’s (2.3.12), 
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(2.3.13), (2.3.17) and (2.3.18). EOM given by Eq.(2.3.10) goes with BC given by Eq. (2.3.14) 

and (2.3.21). Finally, EOM given by Eq.(2.3.11) goes with the remaining BC.  
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 (2.3.30) 

The vector equation (2.3.30) can have a non-zero solution for the constants of 

integrations 1 2 10[ , ,..... ]a a a a , only if the determinant of matrix M is singular. Matrix M is 

composed of equations which are a function of only one unknown, , 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 of the L-shape structure can 

be obtained. A range of frequencies from 0 – 10 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 L-Shape piezoelectric motor. 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 as that used in the FEM analysis, Part I [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. With additional 

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

and wing length of 27mm.  

 

Figure 2.8 Determinant vs. frequency relationship for base and wing: (a) Base length =9mm, 

Wing length=27mm, (b) Base length=11mm, Wing length=27mm. 

To compare the results with FEM models shown in Section 2.3.1, the same geometries 

for the experimental model shown in Chapter 3 and also for the analytical model here are used. It 

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 in Figure 2.8. In the first case the determinant approaches zero for 

frequencies of 268Hz and 1343Hz, and 286Hz and 1548Hz for the wing and base respectively. In 
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the second case, the determinant approaches zero 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 the L-Shape motor can be obtained, constants of integrations 

1 2, 10[ , ... ]a a a a  have to be obtained. There can be infinite solutions for the coefficients in a , 

however a unique solution can be obtained by setting one of the coefficients to 1. In this analysis 

10a  is set to 1 and the remaining coefficients 1 9[ ... ]a a  can be calculated numerically, following 

the procedure shown below: 
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Similarly if 1a  is set to 1, then coefficients 2 10[ ,.. ]a a  can be calculated numerically 

following: 
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It should be noted that either Eq. (2.3.31) or (2.3.32) can be used in the analysis for 

obtaining mode shapes as long as the determinant of *M  does not equal zero. 

Depending on the geometry of the L-Shape structure, the natural frequency of the system 

corresponds to the natural frequency of the wing or the base. If the 1
st
 natural frequency of the 

system corresponds to the 1
st
 natural frequency of the base, then coefficients 1, 4[ .. ]a a have non-

zero values while coefficients 5 10[ ,.. ]a 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 this is because 1, 4[ .. ]a a  correspond to the constants of integration in the spatial equation 

for the base Eq. (2.3.26), and coefficients 5 10[ ,.. ]a a  for the wing Eq.(2.3.27) and (2.3.28). 

In the analytical analysis, the resonance of the system depends 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 1
st
 four natural frequencies are shown in Figure 2.9. The 1

st
 natural frequency, 

268Hz, corresponds to the 1
st
 natural frequency of the wing, and the second natural frequency, 

286Hz, corresponds to the 1
st
 natural frequency of the base. Similarly the 3

rd
 and fourth natural 

frequency, 1.343 kHz and 1.548 kHz, correspond to the 2
nd

 natural frequency 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 the L-Shape structure can be obtained as well.  

Each mode shape of the motor is directly related to the mode shape of either the wing or the 

base. 

 

Figure 2.9  Natural Frequencies for the L-Shape 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 mm. The 1
st
 

natural frequency as shown in Figure 2.9, 268Hz, was also the 1
st
 natural frequency of the wing. 

For this frequency, the constants of integration 5, 10[ .. ]a a which can be calculated using the 

procedure shown in Eq. (2.3.31) or (2.3.32) are substituted into Eq. (2.3.27) and (2.3.28), 

resulting with an expression for the mode shape. Following the same steps, the 2
nd

 mode shape of 

the motor which is based on the 1
st
 natural frequency for the base, 286Hz, was used to calculate 

1, 4[ .. ]a a  which are then substituted into Eq. (2.3.26). This approach was used to obtain the 1
st
 six 

mode shape of the piezoelectric motor based on bending vibration as shown in Figure 2.10. It 

should be noted that the 1
st
 four natural frequencies of the system correspond to the 1

st
 two 

bending modes of the wing and base, however the 3
rd

 bending mode of the base and wing do not 

correspond to the 5
th

 and 6
th

 natural frequencies of the motor. The reason for this is related to the 

fact that at frequencies higher than 1.5 kHz torsional vibration modes dominate and the 3
rd

 

bending modes appear at much higher frequencies.  
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Figure 2.10 Mode Shapes of the L-Shape Structure: (a)1
st
 Bending Mode of Wing, (b) 1

st
 

Bending Mode of Base, (c) 2
nd

 Bending Mode of Wing, (d) 2
nd

 Bending Mode of Base, (e) 3
rd

 

Bending Mode of Wing, (f) 3
rd

 Bending Mode of Base. 
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 Besides obtaining mode shapes and natural frequencies, the mechanical model was also 

used to define an optimal geometry of the L-Shape piezoelectric motor for piezoelectric 

bimorphs which were obtained from APC International (Catalog No. 40-1055 (350/025/0.60-

SA), with dimensions shown in Table 2.3-1. The properties of the piezoelectric motor and ABS 

plastic coupler are shown in Table 2.3-2 and Table 2.3-3. The analysis was done by keeping the 

free-length of the wing at 27mm and varying the free-length of the base. The free-length 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 the L-shape 

configuration of the motor. On the other hand, if the free length of the wing was decreased 

(clamp 2 – the right free end), the configuration of the motor would change from “L-shape” to a 

“T – shape”. The T-shape orientation drastically alters the dynamics of the 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 the free 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 the free-length 

of the base was 11mm resulting with matching frequency of 252Hz. The goal of generating an 

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 FEM model 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 the free vibration model was completed, the analysis proceeded with an 

electromechanical model of the L-Shape piezoelectric motor. The fundamental elements of the 

motor are two piezoelectric bimorphs which analytically follow the Euler –Bernoulli model. 

Equation (33) represents the governing equations for bending vibration of a piezoelectric beam 

[71]: 

 
(4) 2

1 1

(4) 2

( , ) ( , ) ( ) ( )
( )

w x t w x t d x d x L
YI A v t

x t dx dx

 
 

   
       

 (2.3.33) 

where ( )v t  is the voltage applied to the bimorphs, ( )x  is the Dirac delta function and  is the 

figure of merit at the average distance from the neutral axis of the piezoelectric bimorph: 

 31

1
( ) / 2

2
p s pY d b h h    (2.3.34) 

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

used to solve for the governing equation. Substituting, Eq.(2.3.33) in the equation below: 
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where both nW  and nT  are dependent on n number of modes, resulting in the expression:  
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   (2.3.36) 

Next, Eq. (2.3.36) was multiplied by mW  and integrated over the entire length of the L-Shape 

structure
2

0

l

 . The orthogonality of the mode shape results: 

 2( )( 2 )m m m m m mM Tm mw T T      (2.3.37) 

where mM  is defined in Eq.(2.3.38) as the mass term obtained from orthogonality and it was 

used to normalize the mode shapes of the system: 
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 (2.3.38) 

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 real L-Shape piezoelectric 

motor. The damping ratio  was measured experimentally following the quadrature peak 

picking method for lightly damped systems [70]. The experiment was done by conducting FRF 

analysis on the L-Shape motor. The value calculated was 0.0053.  

 The term on the right side of the equal sign in Eq. (2.3.37) is defined as: 

    1 2

(1) (1) (1) (1)

1 1 1 1 2 2 2 2( ) (0) ( ) (0)( ) ( )m m m ml lv t W W v t W W       (2.3.39) 

where 1 2    , due to identical piezoelectric and geometrical properties of the base and 

wing, 1 2( ) and ( )v t v t are the voltages applied to the base and wing respectively and 1 2,m mW W
 

represent the normalized mode shapes of the system. In Eq.(2.3.39),
1(1 ) ( )m lW  and (1 ) (0)mW  are the 

normalized mode shapes of the base defined in Eq.(2.3.40) being evaluated at 1l  and 1 0l   

respectively. In addition, 
2(2 ) ( )m lW  is the normalized mode shape of the wing defined in (2.3.41), 

evaluated at 2l . Finally, 
(1)

(2 ) (0)mW is the normalized mode shape of the wing evaluated at 2 0l  , 

which is actually  11 ( )lB  given by Eq.(2.3.42). This indicates that the mode shape of the wing 
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at 2 0l   corresponds to the torsional vibration mode shape of the base evaluated at 1l . The 

relationship is represented by the BC shown in Eq.(2.3.21). 

 1
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where 1 2 1, ,m m mW W B  are the mode shapes obtained from equations (2.3.26), (2.3.28) and (2.3.27) 

and mM is defined in Eq.(2.3.38).   

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 applied to the 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 natural 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. 

 
2 2( ) 2 ( ) ( ) ( )m n m m m mj V             

 (2.3.43) 

where, ( ) and ( )m v t  are Fourier transform of (t) and ( )mT v t correspondingly. Equation (2.3.43) 

can be rewritten as: 
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The transfer function between displacement at motor’s tip 
2

1

( , ) ( ) ( )m

m

W tip W x  


  and 

voltage can be represented by three equations corresponding to 2 2 2,  and X Y Z  direction, Eq. 

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

where motion in 2X is dependent on the bending displacement at the tip of the base; motion in 

2Y  depends on the bending angle at the tip of the base and 2Z  is the motion 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 the 1
st
 two natural frequencies. As shown in 

Figure 2.12, the largest displacements in all three directions appear at the same natural 

frequency. The figure was obtained for the L-shape piezoelectric motor with optimal geometry, 

where free length of base and wing are 11 mm and 27 mm respectively. 
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Figure 2.12 Transfer Function for displacement at motor’s tip. 

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 

frequency with respect to time, 
2

1

( , ) ( ) ( )m m

m

W tip t W x T t


 . m  is a complex value and when 

written in the time domain it is composed of a two parts, magnitude, Mag and phase value,  ,  

 ( ) sin( )mT t Mag t     (2.3.48) 

The voltage signal responsible for actuating the bimorphs is represented as:  

 ( ) sin( )V t a t  (2.3.49) 

The magnitude is shown in Eq. (2.3.50) and the phase in Eq. (2.3.51): 
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Where   (complex number)  is just 1tan ( )
imag

real

 . 
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With the equation represented in the time domain, the dynamics of the motor’s tip can be 

expressed by 2 2 2, and X Y Z  
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 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 90º out of phase. In the 

piezoelectric motor, the efficiency and working principle is 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 varied. Figure 2.13 shows the results 

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 Figure 2.11.  

 

Figure 2.13 3-D tip motion as a function of frequency. 

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

1
st
 natural frequencies were close, than highest deflections, velocities and torques 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 dominates over any frequencies below and frequencies 

above which are in close proximity. Additional 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 generated by the tip is presented in Figure 2.14. It can be noticed from this figure 

that the deflection and voltage are directly proportional. The deflection of the motor’s tip 

increases as the voltage amplitude increases. 

 

Figure 2.14 3-D Tip motion as a function of voltage. 

2.3.3 Parametric Study 
The advantage of the analytical model over the FEM model developed for the L-Shape 

motor was the fact that additional studies could be conducted, in a more convenient and 

inexpensive way. As such, parameterization study was conducted and the behavior of the motor 

as a function of its size was observed. Since the main objective is having the swallowable robot 

presented in this dissertation to operate inside the human body it is essential that its size 

resembles that of a pill. The parameterization study is presented in Figure 2.15 where for 
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selected motor sizes the variation in natural frequency is determined. The natural frequency 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 L-shape motor. It 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 can be calculated by using the values shown on both Y axes.  

 

Figure 2.15 Relationship between the natural frequency of the motor and its size 

 Once the natural frequency for different size of the motor was calculated, it was possible 

to model the tip motion of the motor under no load. Shown in Figure 2.16 is the motion 

generated in all three directions X, Y and Z. As expected, the elliptical motion reduced as the 

size of 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 frequency of L-Shape motor. 
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Nomenclature 
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31 piezoelectric constant

damping ratio

coupling figure of merit

natural frequency

unit imaginery number

d
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2.4 Conclusion 
In this study two piezoelectric motor concepts were presented, L-Shape and U-Shape, 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 response of the motors as well as to 

provide insight to the geometry required for constructing the motors. Both FEM and distributed 

parameter electro-mechanical models using piezoelectric elements were used to represent the 

dynamics of the L-Shape motor. Finally, 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 

corresponding response at the tip of the motor was presented. As a result of the theoretical 

models, further miniaturization of the WCEs, which are presented in Chapter 3 can be achieved, 

and prediction of their kinematics and response can be obtained.  
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3 Chapter 3 – Experimental Characterization of Piezoelectric 

Motors and Development of Locomotion Mechanisms
2
 

3.1 Introduction 
 The drive train determines the size of the capsule and the power requirements 

consequently making the locomotion mechanism a fundamental part of future wireless 

endoscopes. It is also the key motivation behind the research presented in this dissertation. As 

discussed in the Chapter 1, this dissertation focuses on two types of locomotion mechanisms, 

legged and non-legged locomotion mechanism based on traveling waves induced on walls of 

WCEs (Chapter 4). Both designs utilize the 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 characterization and demonstration of the L-

shape and U-shape piezoelectric motors to be used as tentacles of legged driven wireless capsule 

endoscopes (WCE). First, a detailed characterization of the L-Shape and U-Shape piezoelectric 

motor is conducted, in order 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 mainly been drawn 

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 solution, inspiration from biology 

was drawn. Nature has perfected its solution over millions of years and thus provides excellent 

guidance towards designing engineered systems. Previous research on developing miniature 

crawling inspired terrestrial robots has been 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 Smart Materials and Structures. The following are the citations: 

 Avirovik, D., Priya, S., "Crawling-inspired robot utilized L-Shape Piezoelectric actuators,"  IEEE/ASME 

International Conference on Advanced Intelligent Mechatronics, Wollongong, Australia, (2013). 

 Avirovik D., Priya S., "L-shaped piezoelectric motor-Part I: Design and experimental analysis", Ultrasonics, 

Ferroelectrics and Frequency Control, IEEE Transactions on;59:98-107,(2012) 

 Avirovik D., Karami M.A., Inman D., Priya S., "L-shaped piezoelectric motor-part II: Analytical modeling", 

Ultrasonics, Ferroelectrics and Frequency Control, IEEE Transactions on;59:108-20,(2012) 

 Avirovik, D., Butenhoff, B., Priya, S., "Millipede-inspired Locomotion through Novel U-Shaped Piezoelectric 

Motors", Smart Materials and Structures, 23 (2014) 
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work presented in this dissertation has been developed by the Harvard Microrobotics lab, which 

has been inspired by centipedes [74]. The microrobot utilizes a four-bar mechanism composed of 

piezoelectric actuators that convert the bending motion of piezoelectric beams into propulsive 

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 the L-Shape and U-Shape piezoelectric actuators without 

the need of four-bar 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 millipedes trace as well, [76]. 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. Because of the dynamics and structure of the L-

Shape and U-Shape piezoelectric actuators, locomotion mechanisms have been developed. 

The emphasis of this Chapter is on the integration of individual L-Shape or U-Shape 

piezoelectric motors in a row and their appropriate actuation. In accordance to this, first the L-

Shape and U-Shape piezoelectric motors were experimentally validated and characterized and 

then integrated onto locomotion platforms. As a result, very simple, highly affordable crawling 

robots, utilizing low power piezoelectric bimorph actuators were developed and accordingly 

presented here. 

 

3.2 L-Shape Motor Experimental Study 

Following the theoretical approaches discussed in Chapter 2, FEA and distributed 

parameter, the optimized geometry of piezoelectric L-shape motor was identified and an actual 

prototype was constructed as shown in Figure 3.1 The bimorphs were obtained from APC 

International (Catalog No. 40-1055 (350/025/0.60-SA) and the clamps were built using a Rapid 

Prototyping Machine (DREAMS Lab, Virginia Tech). Initially, multiple tests were conducted to 

verify the theoretical model. First, the impedance of the base and wing was measured using an 

Impedance Analyzer (Hewlett Packard/Agilent 4194A) in the frequency range of 100 – 400Hz.  
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Figure 3.1 L-Shape Piezoelectric Motor Prototype 

The measurements were conducted for two different cases as shown in Figure 3.2. 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 length was kept at 27mm. The results in Figure 3.2 show excellent 

matching with the Finite Element Method (FEM) model results. 

 

Figure 3.2 Experimental Impedance - 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 motor was measured using the 

experimental setup shown in Figure 3.3. The setup consisted of a function generator (Wavetek 
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model 650) which was used to generate two sinusoidal waves 90º out-of-phase with respect to 

each other. The signals were then amplified using two high power amplifiers (HAS 4052). The 

second part of the diagram in Figure 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 Y2 and Z2 (see Figure 2.7). Using this experimental setup, multiple 

measurements were taken at the tip in the following range of frequencies, 190 - 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 246Hz. To note, in mechanical vibration, the mode shape of 

a beam is the same at any frequency below the 1
st
 natural frequency and slightly above it. 

 

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, however, the deflection at the tip for each beam becomes greater as the oscillating 
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frequency approaches the 1
st
 natural frequency. Since their individual natural frequencies are 

very close to each other it is safe to say that their joint natural frequency is in between 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 shown in Figure 3.4. The two 

signals correspond to the velocity measured due to the bending of the wing in the Z2  direction 

and the bending of the base in the X 2  direction which translates to a deflection of the wing’s tip 

in the Y2  direction. The velocity signals were obtained at actuation frequency of 246Hz.  

 

Figure 3.4 Laser vibrometer readings at the tip of the L-Shape motor 

The experimental results were then compared to the analytical model (distributed 

parameter) and FEM which are discussed in Chapter 2. First, the principle of operation of the 

piezoelectric motor described in Figure 2.3 was compared with 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 calculations. Besides the principle of operation, the elliptical motion 

generated at the tip of the motor was compared between the three models as well. The analysis 

was conducted at resonance frequency of the L-Shape piezoelectric motor, where the forcing 

input was 1 V. 
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An image of the elliptical motion generated in the 2 2,Z X direction is presented in Figure 3.6 As 

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

experimentally and through a FEM model.  

 

 

Figure 3.5 Principle of operation – analytical, (a) static equilibrium, (b) Base Voltage = Max, 

Wing Voltage = 0, (c) Base Voltage = 0, Wing Voltage = Max, (d) Base Voltage = Min, Wing 

Voltage = 0, (e) Base Voltage = 0, Wing Voltage = Min, and (f) Same as Motion in (b).  

As observed, the resonance frequencies are very close to each other along with the 

displacement values in the 2 2,Z X . The results obtained analytically, experimentally and through 

FEM are in close proximity to each other. 
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Figure 3.6 Motion at the tip of the L-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 geometries is shown in Table 3.2-1 and as 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
st
 resonance  

Base=9mm 

Wing=27mm  

275Hz 265Hz 288Hz 263Hz 286Hz 267Hz 

1
st
 resonance  

Base=11mm 

Wing=27mm 

243Hz 252Hz 243Hz 243Hz 252Hz 252Hz 

Elliptical 

motion (1volt) 

X=±6.9E-5m 

Y=±5.2E-5m 

X=±7.0E-5m 

Y=±5.7E-5m 

X=±6.15E-5m 

Y=±5.15E-5m 
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3.2.1 L-Shape Motor 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 fabricated by using a rapid 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 the dynamic part. An image of the motor moving the stage is shown 

in Figure 3.7.  

 

Figure 3.7 Experimental setup for actuating linear stage. 

Friction between the tip and the 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 three surfaces is shown in Figure 3.8. 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 

experiment, the mass of the dynamic 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 stage with 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 the rapid prototyping machine. The procedure to measure the rotational 

velocities, torque and efficiency, followed the method reported in References [77] and [78]. 

Figure 3.9 shows the experimental setup used for rotary stage characterization. There are three 

main components besides the motor as shown in the image, EM1-1-900 Transmissive Optical 

Encoder Module with 900 lines (US Digital products), HUBDISK-1-900-118-I (US Digital 

products), and HIOKI 3193 Power HiTester. In 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 acquired in Labview and analyzed, resulting in 

angular velocities and 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 of120 ppV . The torque of the motor was measured following the 

relationship: 

                                                                        
d

J
dt


                            (3.2.0)  

Where  is the torque generated by the motor, J is the moment of inertia for the hub disk and 

d

dt


 is the angular acceleration of the hub disk. 

 The mass moment of inertia for the hub disk was known, 0.0576 2kgmm . Since the disk 

was rotating on a small shaft, the mass moment of inertia for the shaft was also added to give a 

total of 0.06 2kgmm . The only remaining term in Eq. (3.2.0) was the angular acceleration of the 

disk. The angular acceleration was calculated by using the following 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 6
th

 order polynomial was selected to represent the position curve. This polynomial 

was then differentiated and an equation of the angular velocity curve was obtained. Figure 3.10 

shows a plot of the position and velocity curves with 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 of the disk could be attained. The acceleration of the motor was measured during the 

transient time, 0.3 sec. 

 

Figure 3.10 Displacement and velocity curves of the L-Shape piezoelectric motor. 

 The efficiency of a mechanical system is given as: 
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 (3.2.0)                                                

where ( )Nm  is the torque measured using Eq. (3.2.0), ( )
rad

s
  is the angular velocity of the 

disk, and 1( )P W  and 2 ( )P W  are the average power going into each bimorph measured by 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 value – electromechanical coefficient. Following Wang and Du [79], the 

relationship between the electromechanical coefficient k31 and an energy transmission 

coefficient of bimorph under constant external force loading condition max  is given as: 
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   (3.2.0)                                                                     

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 

the motor as a whole without considering the very low efficiency 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 characteristics for the L-Shape piezoelectric motor are shown in Figure 

3.11. The motor reaches velocity of 118 rad/s, torque of 4.7 x 10
-5 

N.m and maximum efficiency 

of 8.55%.   

 

Figure 3.11 Load characteristics of L-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 of locomotion mechanisms for wireless capsule endoscopy. Therefore the L-Shape 

piezoelectric motor was utilized in the development of a legged type mechanism inspired by 

millipedes and centipedes. The design of the motor is shown once again in 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 the L-Shape motor, a 3D prototype design of a prototype is 

shown in Figure 3.13. Figure 3.13 (a) shows the design and Figure 3.13 (b) the principle of 

operation of the robot presented in this study. The robot is composed of four L-Shape 

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 wing touches the ground) 

is generated, which consequently propels the robot. In the laboratory, an experimental setup 

which drives the robot was developed as shown in Figure 3.13(a). Most common four legged 

insect propel their body using the gait shown in Figure 3.13(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 pair. The 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 onto the 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 ground, same 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 be actuated, it 

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 other. The 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 shown in Figure 3.13. 

 

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 electromagnetic actuators 

for crawling insects is miniaturization and control. A single electromagnetic motor might have 

higher torque, however 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 achieve full control 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, steering 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 can be reduced in size much easier than 

electromagnetic motors can 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 conducted. A 

key functionality of the endoscopic robots is safe operation inside the human GI tract. Inside the 

human GI tract, it is imperative that the forces exerted by the robot are minimal. This way 

damaging and scarring of the tissue can be avoided. In addition, the robot should also be capable 

of carrying additional 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 presented in Figure 3.14. In 

Figure 3.14 (a), 3-axis ±6g accelerometer (Newark element14, Eval-ADXL325Z) was placed on 

the top surface of the robot in order to collect data for accelerations along the three-directions. 

This data was then multiplied by the mass of the robot (11.6g) to obtain the forces generated by 

the crawling robot. In Figure 3.14(b), similar test was conducted where the tip of one leg was 

attached by a string to a load cell (Transducer Techniques, GSO-10). As 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 generated by a single L-Shape piezoelectric motor 

composed of piezoelectric bimorphs (APC international, model 40-2040) and operated at 80V 

input was around 10 grams for preloads of 5-7grams. The preloads were applied by applying 

tension in the string that connected the tip of the robot’s leg with the load cell.  The reason as to 

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 robot, it was possible to obtain results on the 

motion of the legs at their tip using high speed camera and visual processing software. Figure 

3.15 shows the summary of the motion of the legs in a 2-D plane. Figure 3.15 (a) and (b) plot the 

motion of each leg in the Z2  and Y2  direction as a function of time. These results confirm that 

the desired gait for the motion of the robot has been achieved. The leg pairs, “Front Left and 

Rear Right” and “Front Right and Rear Left” moved with 90° phase delay with respect to each 

other. Figure 3.15 shows the motion of each leg in the Y Z2 2  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 clear that the 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 the x-direction, b) motion of 

the legs in the y-direction, c) elliptical motion generated at the tip of each leg 

 Next, the robot was actuated at 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 frequency 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 of the L-Shape motor. When 

actuated at the natural frequency, the elliptical motion that is generated at the tip becomes 

greater. In addition, payload of 12grams was attached onto the robot and its motion was 

monitored. No alterations of the motion of the robot were observed. Finally a resistor of 4.7kΩ 

was introduced 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 piezoelectric motor, the U-Shape piezoelectric motor was both 

experimentally characterized and then implemented onto a locomotion mechanism platform 

inspired by a crawling millipede. Figure 3.16 shows the representation of the U-shape 
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piezoelectric motor and its vibrational characteristics. It was previously discussed that the wing 

similar to the base acts as a cantilever beam. Actuating a cantilever beam at the 1
st
 resonance 

frequency, results in generation of the 1
st
 vibrational mode where maximum deflection is 

exhibited at the free end. This can be seen for both the base (motion in x-direction) and wing 

(motion in z-direction) in Figure 3.16 (top left). In order to capture the motion at the tip in both 

axes, two laser vibrometers (PSV400 and OFV350, Polytec, Inc.) were used similar to the L-

Shape motor.  

In the first set of experiments, the base was the only 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 geometry of the U-Shape piezoelectric motor with base length of 15 mm and 

wing length of 26.5 mm, the 1
st
 natural 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 fact that the 

wing had a loading effect on the base. From the relationship shown in Eq. (3.3.0): 

 
k

f
m

  (3.3.0) 

frequency is inversely proportional to mass and is directly related to stiffness. By manipulating 

these two parameters, it was possible to bring the natural frequencies of both beams in close 

vicinity to each-other. 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 in Figure 3.16 (top right). It is important to assure that the 1
st
 natural frequency 

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

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 to the 1
st
 natural frequency for 

both the base and wing. In this arrangement, a largest deflection 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 the U-shaped motor was actuated at 139 Hz (which 

corresponds to the resonance frequency of the base) the elliptical motion obtained was larger in 

the x-direction. Conversely at 149 Hz excitation (which corresponds to the resonance frequency 

of the wing), the elliptical motion was larger in the z-direction. This is due to the fact that the 

two frequencies correspond to the natural frequencies of individual bimorphs. As a result, the 



74 

 

largest envelope of deflection would be expected at a frequency between 139 Hz and 149 Hz. 

Accordingly, 144 Hz was measured as a the optimal point of operation for the U-Shape 

piezoelectric motor based on its: geometry, boundary conditions, material properties and the lab 

setup. To note, the motion generated in the y-direction was much smaller when compared to the 

other two directions and therefore was not included in the analysis. 

 

Figure 3.16 Principle of operation of U-shaped piezoelectric motor and its vibrational 

characteristics 

 

3.3.1 U-Shape Motor Characterization 
 Next, the performance of the motor was determined using a rotating test platform 

equipped with an angular displacement encoder. The details of the setup are discussed in section 

3.2 in this chapter. Figure 3.17 summarizes the results obtained for the U-Shaped 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 was acquired using the 

optical encoder (DISK-2-2500-1000-IE 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 to obtain the angular acceleration. Figure 
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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. The torque generated 

by the motor can be obtained using Eq. (3.3.1):  

 totalJ   (3.3.1) 

where  is the angular acceleration and  is 1.67E-7      . Once the torque is known, 

the mechanical power can be computed using Eq.((3.3.1)) as illustrated in Figure 3.17 (b).  

 mechP     (3.3.1)                                   

The maximum mechanical power obtained from the current design was 0.84mW at   of 

42rad/s. By measuring the input power to the system (32mW), the efficiency for the U-shape 

piezoelectric motor was obtained. Figure 3.17 (c) presents the data for efficiencies and angular 

velocity as a function of torque. Two different efficiency curves were plotted in this figure, one 

for the motor as it was experimentally obtained in the laboratory-setting and another by assuming 

that the piezoelectric bimorphs had 100% electrical to mechanical conversion efficiency. 

 

 

 

 totalJ
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Figure 3.17 Performance characterization curves of U-Shape piezoelectric motor: (a) Angular 

velocity and angular displacement as a function of time, (b) Mechanical power as a function of 

angular velocity, (c) Angular velocity and efficiency of motor as a function of torque. 

3.3.2 Crawling Inspired Robot 
 After detailed mechanical characterization of the U-shaped piezoelectric motor, the 

worked proceeded with the development of millipede-inspired robotic locomotion mechanism 

(millibot). By utilizing the elliptical/circular motion of the piezoelectric motor and coupling 

multiple motors in a row as shown in Figure 3.18 (a) a travelling wave was generated similar to 

that of the millipede as shown in Figure 3.20. Figure 3.18 (b) shows the operation mechanism of 

the millibot and also illustrates the driving scheme used in a laboratory setting. Since the input 

signals applied to the individual elements of the motor (base and wing) were 90° out of phase 

and the motion of one of the U-shape piezoelectric motor was 90° out of phase from the one 

behind it, the electrical driving became easier. A single function generator 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 illustrated in Figure 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 ground 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 the 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 as there is power delivered to the 

milibot. 

 

Figure 3.18 Millibot: (a) Millipede inspired mobile robot utilizing U-Shaped piezoelectric 

motor, (b) Experimental setup, and (c) Gait of millibot 

Lastly, the locomotion mechanism of the millibot was characterized using a high-speed 

camera as shown in Figure 3.19. Image processing was used to obtain the data from the robot as 

it was actuated with varying driving conditions. Two plots can be seen in Figure 3.19 

corresponding to the motion of the legs as a function of time in the x-direction, y-direction and 

then motion of the legs in the x-y plane. The legs exhibited the elliptical motion as 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 at 1Hz excitation frequency and 70Vrms, which as a 

reference would translate to around 5-12 hours of operation in a scenario where the robot is 

powered by a 3V watch battery. 

 

Figure 3.19 Locomotion characterization of the millibot: (a) Four distinct time steps 

demonstrating the motion of the robotic legs, (b) Elliptical motion generated at the tip of the 

motor in the x-y 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° out of phase from the 

other leg pair. A kinematic analysis of robot can be obtained following the methodology 

presented in [76], where every leg has the walk pattern in common and the tips of the legs trace a 

circular path as shown in Figure 3.15 (c) and Figure 3.19 (b). To note, the result presented in this 

study have shown elliptical motion due to the fact that both the base and wing were actuated 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 base. For simplicity, the floor is assumed to be 

rigid, therefore the motion of the legs create a semicircle indicated in red, Figure 3.20. 
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From this analysis the velocities of the wave and robot are defined through (3.3.2) and 

(3.3.3) as: 

 wave

T

r
V

t


  (3.3.2) 

 

2 sin
2

robot

p

r

V
t

 
 
 

  (3.3.3) 

where       is the velocity of the wave,        is the velocity of the robot, r is the radius of the 

reference circle that the motion of the legs trace, θ is the angle between the point of contact and 

the radius of the reference circle, tT is the transference time representing the time it takes for the 

leg to move in air during the recovery stage and tP is the time during the propulsive stage while 

the leg is in contact with the ground. 

 

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 through Eq. 

(3.3.4): 

 
pTT t t   (3.3.4) 

and by knowing: 

 cos
2

h r r
 
  
 

   (3.3.5) 

a relationship between the time, velocities, clearance h  and the angle 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) 

With the frequency defined, a motion in 2-D can be expressed through cycloid functions in the x, 

y coordinates as: 
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  (3.3.7) 

where t is time in seconds while the robot is in motion and  is 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 environment 

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 GI tract environment.  

 

3.4 Conclusion 
This chapter encompassed the experimental characterization of the two piezoelectric 

motors developed: L-shape and U-Shape and their integration onto a legged type WCE. First, the 

experimental results obtained for the L-Shape motor were compared against the theoretical 

models discussed in Chapter 2. Once the models were validated, experimental characterizations 

were conducted for both the L-Shape and the U-Shape piezoelectric motors in terms of their 

velocities and torques. Finally, both motors were integrated onto a legged locomotion platform 

inspired by crawling millipedes. The developed prototypes, showed very promising results for 

swallowable robot applications in terms of the power requirements, velocities of propulsion and 

simplicity in the design. The L-Shape motor, had a resonance frequency of 247Hz, exhibited 

torque of 4.7 x 10
-5 

N.m while requiring power input to the milibot of at excitation frequency of 

8mW at excitation frequency of 1Hz. Similarly, the U-Shape motor had a resonant frequency of 

144Hz and exhibited 0.03mN-m torque while requiring low power input to the milibot of 6mW 

at excitation frequency of 1Hz. 
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4 Chapter 4 – Controlled Locomotion of Wireless Capsule 

Endoscopes through Traveling Wave Phenomenon 

4.1 Introduction 
This dissertation covers two locomotion mechanisms for WCEs, legged and body actuated, 

where both use the principle of traveling waves as propulsion but in a very different way. This 

chapter explains a novel method  for WCE locomotion mechanism using capsule body actuation 

providing theory and experiment to illustrate the fundamentals. Unlike the legged type 

mechanism presented in Chapter 3 where multiple actuators in a row create the profile of a 

traveling wave, the mechanism described here is based upon the vibration excitation that causes 

the entire capsule to behave as a traveling wave. This implies that a controlled locomotion of 

WCEs can occur simply by proper vibration of the capsule shell. 

As described in Chapter 1, traditional WCE as the one shown on the left in Figure 4.1, is 

usually composed of electromagnetic motors, linkages, gears, and different type of legs. This 

type of mechanism even though has been shown to be effective in terms of the propulsion, it has 

a major downside. Some of the main challenges in WCEs are the power source and limited space 

available inside the capsule which is used to store the batteries, micro controllers, cameras, 

various sensors, communication devices, biopsy tools and other components. All of the elements 

necessary for locomotion as shown in Figure 4.1 are both space consuming and complex. Due to 

these requirements, a new concept for propulsion of wireless capsule was developed that relies 

on only two elements: piezoelectric disks and the body of the capsule, Figure 4.1 (RH side). The 

actuation principle discussed in this chapter will eliminate the need for  any of the traditional 

elements (gears, linkages, electromagnetic motors and legs) and thus provide more storage space 

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

 In the center of the figure 4.2 is a cylinder that can be assumed to represent the body of 

the WCE. On the left side of Figure 4.2, a front view of the cylinder with a piezoelectric disk in 

the middle is shown. The piezoelectric disk represents the actuation element in this locomotion 

mechanism. It should be noted that there are two piezoelectric disks, each located at both ends of 

the cylinder. As the piezoelectric disks are actuated, the strain is transferred to the capsule shell, 

and by following specific excitation sequence, a traveling wave can be generated. This wave is 

then used as means of propulsion. In order to simplify the problem of modeling and 

characterization of complex structures such as cylinders, a small cross-section was used. This 

section is represented by a beam with free-free boundary conditions and piezoelectric elements 

on the bottom side act as an excitation source. Similar to the cylinder, the free-free beam will 

also experience traveling wave phenomenon if excited properly. The chapter covers the 

fundamentals of propagating mechanical waves, their generation through finite mediums such as 

free-free beams and also experimental characterization. 
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Figure 4.2 Schematic description of the approach used for the analysis of locomotion 

mechanism inspired by the traveling wave phenomenon  

 

4.2 Traveling Waves Formation 
As a result of an oscillation and coupling between the structure and medium, mechanical 

waves are generated and propagated through the underlying medium. In solids, the motion is 

accompanied by energy transfer from one point to another and therefore it can be used as a 

propulsion mechanism. This has been demonstrated in natural micro-organisms where waves 

propagating through their body (head towards tail) result in propulsion [80, 81]. Through the 

observation of examples found in nature, the phenomenon of mechanical waves shows great 

potential towards the development of propulsion mechanisms [82] and biologically engineered 

structures [83]. Even though in its infant stage, simulated (artificially generated) 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 machines[84]. On the mechanical side, the 

development of traveling waves has been investigated in order to answer the question, “Can 

carpets fly”[85] [86]. No matter what the real motivations and applications behind traveling 

wave inspired mechanism are, the 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 manner. This chapter encompasses the theoretical and experimental 

analysis for the formation of mechanical waves through solid structures such as a free-free beam. 

This theory can be extended to the development of future cylinder-based WCEs 

locomotion/propulsion mechanisms. 

The principle behind the generation of mechanical waves is related to the vibrational 

characteristics of structures that are accompanied by corresponding natural frequencies and mode 

shapes. Structures oscillate as a result of energy input coming from the external sources and by 

understanding the structural dynamics it is possible to excite them in such a way that will result 

in generation of mechanical waves. In this study, piezoelectric elements represent the excitation 

source for the structure of choice. It was observed that when a beam was excited by two 

sinusoidal forces acting at two different locations, but at a phase difference of 90°, a travelling 

wave was created. This behavior was experimentally and theoretically analyzed. The schematic 

diagram, shown in Figure 4.3, illustrates how the first four mode shapes of a free-free 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 the 2
nd

 and 3
rd

 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 comes from the neighboring mode shapes, and the phase difference is 

the factor which dictates whether the 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 equal magnitude but travel in opposite direction and generate standing waves, 

( , ) sin( ) sin( )w x t A t kx B t kx     ; in this case the amplitude A and B are equal in 

magnitude. When a structure is excited at two points at the same frequency, but with phase 

difference between them, a part of the reflected wave is negated (as A≠B) and correspondingly 

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 phase.  
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Figure 4.3 Concept description for formation of the traveling waves through finite medium. 

 

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

that can formulate the system dynamics and provide the response of structure as it vibrates 

resulting in either standing or traveling waves. A diagram describing the parameters used in the 

model is presented in Figure 4.4. For simplicity, point force excitation was used to model the 

Euler-Bernoulli distributed parameter beam with free-free boundary conditions.  
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Figure 4.4  Schematic diagram of the beam structure. 

The general equation for the distributed parameter model for the system was derived 

using the equation of motion for a beam shown in Eq.(4.3.1) : 
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where  is density, A is cross sectional area of the beam, EI is the bending stiffness and F is the 

excitation force. First, the homogeneous solution for the differential equation was obtained by 

setting the right hand side to null: 
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In order to solve the differential equation, separation of variables solution of the form 

( , ) ( ) ( )w x t X x T t was assumed, where by substituting it into the general equation of motion, Eq. 

(4.3.3) and (4.3.4) were obtained: 
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where c
EI

A
  and   is the natural frequency of the system. Note that from Eq. (4.3.4), two 

equations are obtained: spatial and temporal. In the spatial domain Eq. (4.3.4) becomes: 

 
2

( ) ( ) 0X x X x
c

 
   

 
 (4.3.5) 

and in the temporal domain Eq. (4.3.4) becomes:  

 ( ) ( )T t T t 2 0  (4.3.6) 

where general solutions for the spatial and temporal equations are assumed to be: 
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1 2 3 4( ) x a xX x a Sin Cos Sa xinh ha xCos       (4.3.7) 

 ( ) sin( ) cos( )T t A wt B wt   (4.3.8) 

where the coefficients a a1 4  are obtained from the boundary conditions and A and B from the 

initial conditions.  

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

the beam are null, therefore 
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0 respectively. As a result, the 

characteristic equation is described through Eq. (4.3.9)  and the mode shape through Eq. (4.3.10): 
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  and L is the length of the beam. 

Once an expression for the temporal and spatial equations was obtained, the step that followed 

was to use them in the EOM. As a result the steady state solution for a forced input can be 

expressed through Eq. (4.3.11) 

 2( ) ( ) ( ) ( ) ( , )X x T t X x T t f x tc    (4.3.11) 

Substituting Eq. (4.3.4) results in  Eq.(4.3.12): 

 2 ( )( ) ( ) ( () )j tX x lx T t T t f e           (4.3.12) 

where ( )x l   is the Dirac delta function indicating the location at which the unit force is 

applied. Substituting the homogeneous solution of the spatial part ( )X x , the following 

expression is obtained: 
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 . The orthogonality conditions can be described through Eq. (4.3.14) as: 

 
0

0,
( )

,
( )m

L

n

m n
x

L m
x

n





   (4.3.14) 

The orthogonality condition are applied in Eq. (4.3.13) which is then integrated across the length 

of the beam as shown in Eq. (4.3.15) 
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Next an expression in the time domain can be obtained which resembles a single degree of 

system without damping Eq. (4.3.16) and with damping Eq. (4.3.17): 
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In order to obtain the frequency response function (FRF) between the input and the output, the 

following steps were utilized. First the Laplace transform was applied while setting the initial 

conditions to zero: 
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As a result Eq.(4.3.17) becomes: 
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The FRF for a single degree 2
nd

 order system was then represented by Eq. (4.3.20) and Eq. 

(4.3.21) in the frequency domain, s j as: 
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Finally the temporal solution was presented as follows: 

 

1
1 1 2 2

( )

2
2 2 2 2

( ) ( ) ( )

(

( )

( 2 )

( )
) ( ) (

( )
)

2

j t

j t

T j F j H j
L

T j F j H j
L

l fe

I j

l fe

I j



 

  
  

  
  





   



   


  


  

 (4.3.22) 

By the principle of mode summation, the final result was obtained as shown in (4.3.23): 

  2

1

1( , ) ( ) ( ) ( ) ( ) ( )
n

nw x t X x T t x T t T t




   (4.3.23) 



89 

 

 

4.4 Experimental Characterization 
An experimental setup under the laboratory condition was conducted in order to verify 

the theoretical model discussed in Section 4.3. Figure 4.5 (a) shows the experimental setup. A 

brass beam with length=0.305m, width=0.0195m and thickness=0.000832m was suspended on 

elastic bands in order to simulate the free-free boundary conditions. The response of the 

vibrating system was experimentally measured using a laser scanning vibrometer and data 

acquisition system (PSV400, Polytec Inc.). The results as a function of the frequency and the 

corresponding mode shapes are shown in Figure 4.5 (b) and the first seven natural frequencies 

are compared against the theory in Table 4-1. In Figure 4.5, an illustration of the traveling wave 

obtained from the experimental characterization is presented in order to confirm the hypothesis 

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

between the signals and the excitation frequency is between the two bending modes. 

 

 

Figure 4.5 Experimental analysis of traveling waves generated on a free-free beam. (a) 

Experimental Setup, (b) Modal Analysis, (c) Traveling wave through free-free beam 
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Table 4-1 Experimental and theoretical results for the natural frequency of free-free beam 

 

Frequency Experiment (Hz) 
Point Force D.P. 

(Hz) 
Error (%) 

1 35 31.69 10.4 

2 89.69 87.37 2.66 

3 175.9 171.1 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 wave behavior was conducted at a frequency which was 

half way between the third and fourth mode shape. The phase difference was kept at 90° between 

the two excitation signals. This comparison for the free-free case is presented in Figure 4.6. 

Figure 4.6 (a) displays the results from the simulated model while the respective experimental 

results are shown in Figure 4.6 (b). The figure shows the response of the vibrating beam as a 

function of time with both the XY and YZ planes projected. These projections were used to 

illustrate the existence of the traveling wave and its profile respectively. The blue area on the XZ 

plane represents the total space covered by the beam during its motion in time. Similarly, the 

projection on the XY 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 presented in Figure 4.7, where the response of the beam was calculated and 

then simulated for the given boundary conditions. Correspondingly, the frequency response 

function (FRF) for each structure was obtained and the resonance frequencies were identified. 

The insets above the FRF curve correspond to the profile of the waves generated at the resonance 

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 waves and standing 

waves can be identified from the insets. The profiles (XZ 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 the nature 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 traveling waves are 

clearly distinct from each other for 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 

can be used to identify not only the presence of the wave, but also the traveling direction 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 right to left. The reason why the direction of travel 

alternates as the excitation frequency moves, for example from  ,w w w 1 2  to  ,w w w 2 3  to 

 ,w w w 3 4 , is due to the existence of even and odd mode shapes which are coupled with the 

phase difference between the excitation signals.   

 

 

Figure 4.7 Complete analysis of the traveling waves through finite medium and their behavior 

on a free-free beam 

 Previous results have achieved only a partial validation of the dynamical model, which is 

presented in Figure 4.6. In order to answer the question, “How well does the theoretical model 

predicts the wave profile of a traveling wave seen experimentally?”, additional study was 

conducted. The results are presented for a specific frequency  ,w w w 3 4 , 241Hz, which resulted 

in generation of traveling waves. The theoretical model showed a close match with the 

experimental data. The profile of the traveling wave corresponds with the projection of the XZ 

plane in Figure 4.6. 
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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 

 

4.5 Mechanical Wave Characterization 
In addition to the theoretical model that describes the dynamics of mechanical wave 

through free-free beam, additional work  on characterization is required to explain the parameters 

governing the generation and propagation behavior. A study by Bucher et al. focused on the 

mechanical wave characterization and identification [87] demonstrated that when a structure is 

excited at two points at the same frequency but with phase difference of 90° a propagating wave 

occurs. This is due to the fact that part of the reflected wave which normally occurs during 

impedance changes, is negated (as A≠B in ( , ) ( ) ( )w x t A kx wt B kx wt    ) and correspondingly 

results in a combination of a stationary wave and a traveling wave. 

As mentioned earlier, piezoelectric elements were used as the excitation source. 

Piezoelectric plates are an alternative to vibration shakers and provide more practical solution in 

the design of propulsion mechanism. This study shows that each frequency has a corresponding 

phase which contributes towards wave formation and it is not fixed to 90° as previously reported. 

Hence, two different approaches that are used to measure the quality of the generated waves are 

presented: Hilbert’s and Fourier’s approach. There two approaches were validated through 

experimental work and then compared for a free-free beam. 

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

difference, and based on their behavior they can be classified as either standing, traveling or 
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hybrid (combination of standing and traveling). A schematic representation of the waveforms for 

each of these types of waves is shown in Figure 4.9. Noticeable difference between the three can 

be identified in 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 non-varying amplitude. The special case is the hybrid wave which is a 

combination of standing and traveling waves where the amplitude of the wave propagates while 

oscillating transversely. The dominance of the traveling wave over the standing wave behavior is 

directly related to two factors corresponding to frequency and phase difference between the two 

excitation signals. It is precisely these parameters that are being investigated in the wave analysis 

through Hilbert’s and Fourier’s approach in order to obtain the quality of the wave and its 

direction of travel.   

Hilbert’s approach is achieved in the time domain where the response of any structure 

such as the free-free 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 imaginary component, the signal goes through 

a transformation, hence Hilbert’s transform described through equation Eq. (4.5.1)  

 ( , ) ( , ) ( ( , ))hw x t w x t iH w x t   (4.5.1) 

where hw  is the analytical response. Following this approach, the response of an individual point 

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

Hilbert’s transform, the trajectory of each point can be represented by a sinusoidal signal ( ( , )w x t

) and its Hilbert transformed signal ( ( ( , ))iH w x t  also a sinusoidal wave, but with phase 

difference of 90 degrees. When the analytical signal is plotted in the complex plane the response 

is represented as a circle with radius equal to the amplitude of vibration. Therefore, in a scenario 

where pure traveling wave exists, the amplitude of all the points across the structure are the 

same, hence result is shown with multiple circles characterized with equal radiuses (all lie on top 

of each other). Unlike pure traveling waves, pure standing waves have points with zero 

displacements (nodal points), maximum displacements and points with amplitudes in between. 

This corresponding results appear with a filled circle when presented in the complex plane. 

Finally, in the case for hybrid waves, the minimum amplitude is never zero since nodal points do 

not exist, hence doughnut shape circle is observed. 
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The Fourier’s represents the response of the system also in the complex plane but in the 

frequency domain. Since all the points are excited at one frequency, the phase and the magnitude 

of the Fast Fourier Transform (FFT) peak of individual points is of interest. Unlike the Hilbert’s 

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 single value in 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 there exists 

phase difference between the consecutive points, hence there is a propagating wave and since 

their amplitudes are identical the points lie on a circle. When standing wave is generated, the 

phase is either 0° or 180°, and the FFT magnitudes are different which results in a straight line in 

the complex plane. Finally, for the hybrid wave case, the existent phase difference and different 

magnitudes of the FFT result will result in a response that is represented by an ellipse. Due to the 

phase change, the points in the complex plane will not lie along a 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 will transform to a straight line. 
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Figure 4.9 Conceptual illustration of standing, traveling and hybrid waves and the different 

methods of their classification   

 The theoretical model developed in Section 4.3 was used along with an electro-

mechanical model utilizing piezoelectric actuation. It has been observed that when a beam is 

excited with two input signals with phase difference between them than a traveling wave is 

generated. A full study on this observation has been conducted for different frequency inputs. An 

example of these results is presented for a frequency of 243Hz (equal to the arithmetic mean of 

the 3
rd

 and 4
th

 natural frequency) and phase difference of 90°. Accordingly, Figure 4.10 presents 

the results obtained theoretically and experimentally for the disclosed parameters (phase and 

frequency). Since hybrid wave was observed, it was intuitive that the waveform would not 

indicate any nodal points, Figure 4.10 (a). As a result of the previous discussion, two results were 

expected, a doughnut shape circle representing the Hilbert’s approach shown in Figure 4.10 (b) 

and an ellipse obtained using the Fourier’s approach shown in Figure 4.10 (c). The comparison 

between the experimental and theoretical results for each case revealed very close match, 

showing the accuracy of the model in predicting the wave response. To note in Figure 4.10 (b), 

two experimental 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 seen, the responses for 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 other side, using Fourier’s approach, the phase and 

magnitude of the FFT response for multiple points across 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 Comparison 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 to the Hilbert’s approach, (c) response of the 

wave according to the Fourier’s 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 quantify the waves. This 

was achieved by obtaining their cost function (CF), Eq. (4.5.2).  

 max min

max min

r r
CF

r r





 (4.5.2) 

where maxr corresponds to the outside radius of circle in the Hilbert’s approach and the major 

radius of an ellipse in the Fourier’s approach, and minr corresponds to the inside radius of a circle 

and minor radius in the two approaches respectively, Figure 4.10 (b-c). In this study, Hilbert’s 

approach was used to define the CF for a free-free beam. Consequently, presented in Figure 4.11 

are the results obtained through simulations for the CF which was attained by varying the 

frequency (0Hz-650Hz) and phase angle ( -180° – 180°). The results clearly indicate that phase 

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

be observed that each frequency has a corresponding phase which affects the cost of the wave 
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being formed. According to Eq.(4.5.2), CF=1 corresponding to pure standing wave, CF=0 for 

pure traveling wave, and 0<CF<1 for hybrid waves. The lighter color region that resembles a 

straight line connects two corners diagonally for each frequency range (  ,   1 2 ,  

 ,   2 3  or  ,   3 4 ) corresponds to the lowest CF, i.e. region at which highest quality 

traveling waves are formed.  

Besides the CF calculation, this study also demonstrates the ability of the theoretical 

model to predict the direction in which the waves travel. The blue color (negative CF) indicates 

the direction of the waves traveling from right towards left, and conversely the red color 

(positive CF) shows the direction of the waves traveling from left to right. As a consequence, it 

has been observed that when passing from (  ,   1 2  to  ,   2 3  to  ,n n    1 ), 

direction of the traveling waves alternate. Accordingly in the  ,   1 2  region, the wave 

travels from right to left and in the  ,   2 3  region, the wave moves left to right.    

 

Figure 4.11 Parametric study and cost function analysis Red color – wave travels from right to 

left, blue color – wave travels from left to right. 

 In order to describe in detail the CF and its outcome as a result of the two parameters: 

frequency and phase, attention should be paid to the  ,   2 3  and ( , ) 0 180 region, Figure 

4.12 (a). The results clearly indicate the affect the phase has over the CF. These results were 

validated experimentally and are shown in Figure 4.12 (b), where the phase was kept constant at 

90° and the frequency was varied. As noted, 90° phase difference establishes a V-shaped 
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relationship with frequency. What this means is that for a free-free beam, the 90° phase gives 

lowest CF at approximately half way between two mode shapes, but at any other region before or 

after, the CF increases proportionally. This can also be seen by the insets representing the 

responses of the waves for each point along the curve using Hilbert’s approach. At a frequency 

of 130Hz the ratio between the outer and inner radius is minimal, alluring to the fact that the CF 

is lowest, hence highest quality traveling wave is obtained. As the excitation frequency 

approaches the natural frequencies (2 or 3 ), the ratio between the radiuses increases and 

correspondingly the quality of the traveling wave is reduced. Besides the 90° case, another 

validation presented in Figure 4.12 (c) was conducted in order to demonstrate that the most 

effective traveling wave in terms of the CF will occur on the linear slope line (shown in dark 

blue). This illustrates direct proportionality between the frequency and phase and the color bar 

indicates how close the experimental results compare with the theoretical prediction along this 

line. The results shown in this study support the previously made claim that both the frequency 

and phase play a crucial role in the quality of traveling waves. 
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Figure 4.12 Theoretical and experimental results of the cost function between the 2
nd

 and 3
rd

 

mode shape. (a) Cost Function window between the two mode shapes, (b) Theoretical and 

experimental results of the CF as a function of frequency and phase angle 90°, (c) Theoretical 

and experimental results of the minimal CF 

 Once the relationship between the phase and frequency was established through the 

calculation of the CF, the final investigation conducted was to compare the Hilbert’s approach to 

Fourier’s approach in order to show the effectiveness of the two methods. The comparisons of 

the results are shown in Figure 4.13 for two different frequencies, 243Hz ( ( , )   3 4 )in Figure 

4.13 (a-c) and 720Hz ( ( , )   6 7 ) in Figure 4.13 (d-f). Points corresponding to the maxima, 

minima and arbitrary location in between the two extremes are presented on the wave envelope 

in Figure 4.13 ((a) and (d)). In Figure 4.13 (b and e) the amplitude and phase of these points is 

shown in the complex plane, while in Figure 4.13 (c and f), the amplitude of these points as a 

function of time is illustrated by their rotation around a circle with radius equal to their 

amplitudes.  

The results of this analysis show that the Fourier’s approach (Figure 4.13 (b) and (e)) is a 

more robust method for defining the CF experimentally since it requires less number of points to 

fit an ellipse. In order to demonstrate this, evenly distributed points were selected across a 
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window of interest along the beam and their number increased as to monitor the convergence of 

the CF. Nevertheless, the total number of points needed to obtain an accurate value for the CF is 

dependent on the frequency at which the wave propagates. Intuitively, lower frequencies 

correspond to lower number of points and higher frequencies to higher number of points, Figure 

4.13 (b and e). Similarly, Hilbert’s approach also has a proportional relationship between the 

frequency of excitation and number of points used to measure the CF, Figure 4.13 (c and f). 

However, Hilbert’s approach requires somewhat higher number of points since accurate 

measurements can only be achieved if the points selected are placed directly on top of minima 

and maxima of the waves. Because of the fact that Hilbert’s approach requires accurate 

placements of sensors experimentally, and Fourier’s approach uses ellipse fitting method to 

demonstrate the CF, it is more affordable to use the latter one. Theoretically, however both 

approaches can be used. In fact the Hilbert’s approach for theoretical analysis might be the better 

choice due to the fact that no curve fitting method is required for approximating the CF, rather 

straight forward implementation of the selected points is used to define the circle.   

 

Figure 4.13 Comparison between the Hilbert’s and Fourier’s approach at 243Hz (a-c) and 720Hz 

(c-d) : (a and d) Hybrid wave waveform, (b and e) CF as a function of points taken across the 

structure, Points corresponding to the maxima, minima and arbitrary in between the two are 
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presented.  Fourier’s approach, (c and f) CF as a function of points taken across the structure, 

Hilbert’s approach  

 

4.6 Conclusion 

In conclusion, this study provides comprehensive investigation on the structural 

dynamics of beam activated by the piezoelectrics. It provides mathematical foundation towards 

the generation and propagation of the mechanical waves. A distributed parameter model was 

developed and validated using the experimental results. The results presented in this chapter 

were found to accurately predict the dynamics of the traveling waves. Moreover the study 

demonstrates the capabilities of two approaches, Hilbert’s and Fourier’s approach, to accurately 

predict and represent the quality of the mechanical waves being generated. The theory was 

compared against the experiment for multiple scenarios by varying both the frequency and phase. 

Accordingly, the results demonstrated that the quality of traveling waves at their occurrence at 

specific frequencies is highly dependent on the phase angle between the excitation signals used. 

A comparative analysis was conducted on the Hilbert’s and Fourier’s approach in use of these 

methods towards representing the nature of traveling waves. The chapter describes a 

methodology that will serve as a guideline in the development of WCEs locomotion mechanisms 

using traveling wave phenomenon. 
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5 Chapter 5 – Complementary Technology for the Intelligent 

Healthcare Environment 
 

This chapter presents the design and characterization of three components required to 

implement the intelligent healthcare environment. These three components are: multifunctional 

image guided surgical platform (MIGS), thermal energy harvesters and thermo-acoustic sonars. 

The MIGS platform is a diagnostic and surgical tool that will assist with the automated ex-vivo 

skin imaging and treatment. It is an image guided platform consisting of three key elements: 

three axes scanning and positioning stage, optical coherence tomography probe and a laser 

scalpel. All three combined together allow construction of a medical device that can be used for 

delicate and intricate surgical procedures within limited distance underneath the skin. The second 

component is power source for the sensors embedded within the room that provide feedback for 

the closed loop control of the various systems. This is important in order to implement the 

control algorithms and design automation that is holistic. Wiring all the sensors is not an option 

and batteries have limited lifetime. Thus, an power source based upon the locally available 

environmental energy is desired. It is a miniature shape memory alloy heat engine that uses the 

heat wasted from sources such as hot water/steam pipes and converts it into electrical energy 

required to power wireless sensor nodes. 

Finally, the third technology which will complement the healthcare environment is the 

development and characterization of thermo-acoustic speakers. Due to the flexibility of the 

device and the miniaturization capabilities, it can be integrated onto the WCEs and can be used 

as a mobile communication device which will either communicate with outside receivers or 

multiple other fixed implantable sonars inside the body. This is because nased on the human 

body topology, acoustic waves represent more promising communication method, than radio 

frequency waves. 
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5.1        Multifunctional Image Guided Surgical Platform (MIGS)
3
 

This study proposes a novel concept for a three-axis positioning and scanning platform 

that overcomes the existing gap in technology towards meeting the requirements for 

displacements, resolution, weight carrying capacity and velocity at small dimensions. The 

novelty of this work stems from the fact that the three-axis stage design utilizes only two 

actuators. This system was developed to meet the specific requirements needed for 

implementation of Multifunctional Image Guided Surgical (MIGS) platform. Mathematical 

model accounting for the open and closed loop operation of the stage was developed. The stage 

can provide displacements between 10-20mm in each axis, resolution of less than 10µm and 

scanning velocity in the range of 10-40mm/s. It can carry weights up to 10grams while meeting 

the desired requirements. Additionally, the stage has small footprint (50mm x 50mm x 34mm), 

modular design and extremely cost-effective fabrication. Integration of computer controlled 

three-axis stage with MIGS platform will provide the opportunity for conducting intricate 

surgical procedures using remote control or joystick. Finally, demonstration of novel 

applications is presented that have become possible due to the development of this stage. 

 

5.1.1 Introduction 

This research is inspired by the need for a three-axis stage in a surgical tool that will be 

able to provide fast and accurate analysis of biological tissues at small skin-depths eliminating 

the need for certain invasive procedures [88]. Many diseased states alter the tissue structure in 

the vicinity of skin. Thus, detection of these changes and analyzing it at an early stage is of great 

importance in prevention complexity. One way to detect these changes is by using optical 

coherence tomography (OCT) based probes [89] that allow imaging at micrometer scale. OCT 

can provide cross-sectional imaging of tissue structure by focusing a beam of light and then 

measuring the echo delay time for the light reflected from the microstructural features in the 

tissue. Compared to the conventional methods for non-invasive procedures such as X-ray 

radiography, magnetic resonance imaging (MRI), magnetic resonance spectroscopy (MRS), and 

ultrasound and confocal microscopy, the OCT system is advantageous due to superior depth 

                                                 
3
 Some of the work presented in this section was published in SPIE Smart Structures/NDE conference. The citation 

are below: 

Avirovik, D., Dave, D., Priya, S., "Miniature multifunctional high-performance three-axis positioning and scanning 

platform," SPIE Smart Structures/NDE, San Diego, Ca, (2013). 

http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1674409
http://proceedings.spiedigitallibrary.org/proceeding.aspx?articleid=1674409
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resolution (millimeter scale penetration depth) [90]. With its capability to serve as optical biopsy 

tool, OCT can be used as regular diagnostic imaging tool in ophthalmology, oral and 

maxillofacial tumors, thermally damaged tissue, and detection of skin cancer. 

Building upon the progress made in OCT, we have been developing multifunction image 

guided surgical platform (MIGS) that integrates all the components required for automated 

imaging and surgery. The MIGS platform consists of three fundamental components: scanning 

and positioning stage, OCT probe and laser scalpel. With these three elements integrated onto a 

single platform, the device transforms to both diagnostic and surgical tool. The stage itself is 

image guided using the optical probe and therefore it is able to pin point any location requiring a 

laser scalpel incision. In this study, a description of the success in development of the three-axis 

positioning stage required for the MIGS platform. Initially, several commercialized three-axis 

stages from wide variety of manufacturers were investigated such as: ThorLabs, Newscale 

Technologies, Newport and etc. However, none of them were found to be able to satisfy the 

requirements of the stage while being affordable. Due to this fact, a design of new stage with 

cost-effective fabrication methods was found to be necessary to realize the vision of MIGS 

platform. The outline of the work presented in this paper is the following: literature review of 

existing platforms available commercially, design and development of the three-axis positioning 

and scanning platform, control system development for operation of the stage, characterization of 

the prototype and demonstration of various other potential applications. 

 

5.1.2 Design and Development 

The scanning and positioning stage utilizes the principle of lead screw mechanism. An 

example of a linear stage that uses such setup is shown in Figure 5.1 (a). The mechanism 

requires five fundamental components: lead screw, nut, two sliders, fixed base and dynamic 

base, which should be combined in a mathematically controlled fashion to establish required 

dynamic performance. The sliders were used to constrain the motion of the dynamic base to a 

single degree of motion in the x-direction while the lead screw and the nut were used to convert 

rotational motion into linear motion. As the lead screw rotated, the dynamic base moved linearly. 

The three-axis stage uses two stepper motors whose function was to move the stage in the x and 

y direction in the horizontal plane and by combining the operation of both motors, z-axis motion 

was also achieved. Prior literature outlines the lead screw theory for a load moving in the vertical 
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plane, however, in our knowledge this is the first study on implementing two actuators to achieve 

three-dimensional controlled motion.  

The torque required to lift or lower a load using lead screw mechanism which is directly 

applicable to the z-axis motion of the stage can be predicted through Eq. (5.1.1) and (5.1.2)  

given as [91] : 
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through the force balance presented in the free body diagram (FBD) in Figure 5.1 (b).  

 

 

Figure 5.1 (a) Linear stage using lead screw mechanism, (b) Free body diagram (FBD) of 

translational motion using lead screw mechanism 

 From the FBD, force balance in the horizontal and vertical plane can be established 

through Eq. (5.1.3) and Eq.(5.1.4):                 

                                           sin cos 0
H

F fN N         (5.1.3) 

    sin cos 0
V

F F P N fN                (5.1.4) 
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where N is the normal force and  is the lead angle. From these expressions, the force required 

to push the load and the corresponding torque required by the stepper motor are given by Eq.’s 

(5.1.4) and (5.1.5) respectively: 

                                                  F P mg                                                          (5.1.4) 

                                                  
2

m
Fd

                                                            (5.1.5) 

 With this torque prediction, stepper motor actuators AM0820 and AM1020 from 

Micromo Inc. were selected to drive the stage in x and y direction. Based on the motor selection, 

lead screw mechanism, scanning area requirements and z axis positioning, a design of the 

compact stage was developed using NX Unigraphics. Slightly complex geometry of the stage 

was developed and eliminated the need for CNC approach to fabricate the device. Instead a rapid 

prototyping machine, EDEN 260v was used (BMDL Lab, Virginia Tech) to manufacture the 

stage for cost-effectiveness and modularity. Images of the 3D computer aided design (CAD) 

along with the actual prototype are shown in Figure 5.2(a) and (b). The final completed 

prototype was found to have the dimensions of 50mm x 50mm x 34mm with mass of 65 grams. 

mm
2 

 

Figure 5.2 Three axis scanning and positioning stage: (a) CAD design, (b) Prototype 

 

5.1.3 Three-axis positioning and scanning stage design using 

only two actuators 

Three axis motorized stages have been around for many years, and their design and 

principle of operation has not changed. One characteristic that has influenced their design is that 

due to advances in actuator design, the stages have continuously improved their resolution and 

speed. In many motorized or non-motorized stages, single axis linear stages represent the 
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foundation of the three axis stages. This is because three single axis linear stages can be 

assembled together to provide motion in 3-D. The upside of this scenario is that independent 

stages can easily be assembled together to provide three-axis motion however the downside is 

that the size of this system will almost always be greater than a system which is specifically 

designed to provide three axes motion. This is of importance in this study since our stage has to 

be designed to have very small footprint. In addition, most systems either use lead screw 

mechanism where rotational motion is translated to linear or simply use linear actuators to move 

the axes. 

 When compared to all of the other motorized stages on the market and published in 

literature, the novelty of our design comes from the fact that the stage uses only two stepper 

motor actuators to provide positioning in x, y and z direction. By utilizing the combined motion 

of the two actuators and a coupling mechanism, positioning in the z-direction was achieved. 

Figure 5.3 (a) shows an image of the miniature stage developed at Virginia Tech. Stepper motor 

1 is responsible for moving the stage in the x direction and stepper motor 2 in the y direction. 

Both used lead screw mechanisms. The remaining mechanism which is essential for the z axis 

motion is composed of a pinion and rack gear. The pinion gear is only allowed to rotate along its 

axis of rotation as shown in Figure 5.3 (a). On the other side, the rack gear is fixed and its motion 

is constrained in every direction. In order for positioning in the z direction to be achieved, an 

example is presented which requires displacement of 0.6mm, Figure 5.3(b). The theory of 

motion for the stage is discussed in the next section of this study. The positioning begins at the 

initial state at x=0mm, y=0mm. In step 1, motor 2 actuates the stage 10mm in the y direction, 

aligning the pinion gear to the rack gear. Following this, in step 2, motor 1 moves the pinion gear 

2mm in the x direction thus achieving contact between the pinion and rack gear. It then moves 

8mm in the positive x direction which due to the interaction between the two gears results in 

rotation of the pinion gear at a certain angle. This rotation translates to 0.4mm linear motion in 

the z axis (The relationship between pinion gear rotation and z axis linear motion is discussed in 

the following section). In step 3, the pinion gear disengages by moving to -2mm relative 

displacement in the y direction. Since the primary task was to achieve 0.6mm displacement in 

the z direction, this procedure will have to be repeated in order to obtain the additional 0.2mm. In 

step 4, motor 1 brings the pinion gear to -10mm relative displacement in x and then in step 5, the 

pinion gear is positioned to the same location as it previously was in step 1. In step 6, motor 1 
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moves the pinion gear additional 6mm which translates to total of 0.6mm in the z axis. Finally, 

the pinion gear returns to the initial position at absolute positing x=0mm, y=0mm as described 

through step 7. The novelty of the design has been of great importance in decreasing the size of 

the system. Since less weight is on the stage, the velocities and acceleration are higher as well, 

leading to shorter scan time.  

 

Figure 5.3  (a) Z-axis mechanism, (b) Diagram of translational mechanism in the z-axis example 

problem) 

 

5.1.3.1 Dynamics of stage 

Two stepper motors with lead screws were used to actuate the stage. Direct drive 

mechanism was used for the motion in the x and y-direction. The advantage of a direct drive 

mechanism when compared to a mechanism that uses gears is size and resolution. Adding gears 

to the mechanism would result in a larger footprint of the stage. In addition, backlash is very 

common when gears are used and therefore resolution as well as precision and accuracy of the 

stage can be altered. With the stepper motor resolution of 20, a correlation with the resolution of 

the stage itself can be established as a function of the lead screw specifications. Lead of 0.4mm 

was used for motion in the x and z-direction and lead of 0.25mm was used for motion in the y-

direction. The resolution in x-direction for a lead of 0.4mm translates to 22 m . However with 

the introduction of an EZ4axis stepper motor controller and driver (Allmotion Co.), the 

resolution of the motor can be increased. The controller can drive the stepper motors at a 

resolution of 1/8
th

 of a step which translates to 2.77 m  linear displacement. Since the commands 

to the stepper motors are in steps, a relationship for motion in X-direction is shown through Eq. 

(5.1.5) and (5.1.5):  
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 . mm steps  360 0 4 160  (5.1.5) 

  distance# ( )xsteps x mm 400  (5.1.5) 

Similarly the relationship between the number of steps and the linear motion for the y-axis with 

lead screw of 0.25mm lead is given as: 

  distance# ( )ysteps y mm 640  (5.1.5) 

Finally a slightly more complex approach is required to determine an expression for the 

number of steps needed for the z-axis to move to a certain distance. This is due to the fact, that 

once the two gears mesh, a relationship between the displacement caused by motor1 and the 

rotation of the pinion gear needs to be established. For a specific displacement in the z-axis, the 

pinion gear rotates by an angle, : 

 distance

.

z

mm
 



 
 
 

0 4

360

 (5.1.5) 

 Now that an expression of   is obtained, the next step was to determine the displacement in the 

x-direction which stepper motor 1 needs to provide while both pinion and rack gears are in 

contact. This relationship is shown through Eq. (5.1.5) 

 distance gearx radius





 
 
 90

  (5.1.5) 

or number of steps: 

 # gearsteps radius


 


 
 
 

400
90

 (5.1.5) 

With this analysis, the specification of the stage is shown in Table 5.1-1.  With 

impressively miniature size, the stage can achieve high velocities of above 40mm/s and 

resolution in all three directions of <10 m . 
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Table 5.1-1 Three-axis positioning and scanning stage specifications 

  

Size 50 mm  x 50 mm  x 34 mm  

Scanning and positioning range in X direction 12 mm  

Scanning and positioning range in Y direction 10 mm  

Positioning range in Z direction 10 mm  

Velocity < 70 /mm s   

Repeatability Excellent m3  

Resolution in x direction 2.7 m  

Resolution in y direction 1.7 m  

Resolution in z direction 0.05 m  

Mass 65g 

 

5.1.3.2 Kinematic study 

Besides the dynamic analysis of the stage, kinematic study was conducted to analyze the 

dynamic performance. The stage can also be referred as Cartesian manipulator due to the fact 

that all of its joints are prismatic (they allow linear relative displacement between two links). Our 

stage is composed of three prismatic joints, thus having three degrees of freedom (DOF). The 

reason behind using prismatic joints over revolute is because high resolutions were required. 

Another characteristic of the Cartesian manipulator is the size of its workspace, Figure 5.4(a). 

The ratio between the workspace and the size of the stage due to the novelty of the design has 

shown to be superior to any commercially available platform (discussed in the Comparative 

study section). 
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Figure 5.4 (a) Workspace representation of the three-axis scanning and positioning stage, (b) 

Diagram describing the Cartesian manipulator  composed of prismatic joints and links 

 

 The kinematic study was conducted using the known dynamic analysis algorithm [92]. 

Forward kinematic study, following the Denavit-Hartenberg (D-H) convention was established 

in order to obtain relationship between the individual joints of the three-axis positioning and 

scanning stage and the end effector, which is represented by either the OCT probe or the laser 

scalpel. By conducting this analysis the orientation and position of the end effector as function of 

reference frame was obtained. Figure 5.4 (b) was used as a graphical representation of the (D-H) 

convention. Following this method, each homogeneous transformation is represented by 

Eq.(5.1.6) as: 

 

cos( ) sin( ) cos( ) sin( ) sin( ) cos( )

sin( ) cos( ) cos( ) cos( ) sin( ) sin( )

sin( ) cos( )

i i i i i i i

i i i i i i i
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0

0 0 0 1

 (5.1.6) 

where , , ,  and i i ia d   are the D-H parameters for each link as listed in Table 5.1-2. 
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Table 5.1-2  D-H Parameters for three-axis positioning and scanning stage 

 Link 1 Link 2 Link 3 

    

ia  - the distance from iz 1 to iz , measured along ix  
0 0 0 

i - the skew angle from  iz 1 to iz , measured about 

ix  

/ 2  / 2  0 

id -distance from ix 1 to ix as measured along iz 1  d1  d2  d3  

i - angle from ix 1 to ix , measured about iz 1  
0 / 2  0 

 

 Using the parameters obtained from the D-H Convention, the transformation matrices 

between the three links can be calculated through Eq. (5.1.7): 

 

T A

T A A

T A A A







0

1 1
0

2 1 2
0

3 1 2 3

 (5.1.7) 

From here, the transformation matrix, that expresses the position and orientation of the 

end effector with respect to the initial frame is expressed throughT
0

3 . For example, if an end 

effector orientation is presented in vector form, m 

 
 
 
  

0

1

0

1

, with coordinates , ,x y z  0 1 0 , the 

position and orientation of the end effector in the inertial frame is calculated through Eq. (5.1.8). 

This analysis is conducted using the parameters listed in Table 5.1-2, with ,  and d d d  
1 2 3

0 0 1. 

 . .I F Orientation T m



  

 
 
 
  

0

3

1

1

0

1

 (5.1.8) 

To notice the last entry of the vector m is always 1 since it has to be a 4x1 matrix in order 

to be multiplied by the 4x4 D-H transformation matrix. In the . .I F Orientation matrix the last 

entry is always going to be 1 as well. 
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5.1.3.3 Control System 

 Controlling the motion of the three–axis scanning and positioning stage required 

developing an algorithm which will control the stepper motor and with that the motion of the 

stage. EZ 4-axis stepper motor controller and driver (Allmotion Inc.) was used to perform this 

task. The algorithm was developed using NI Labview, outlined by the diagram illustrated in 

Figure 5.5. USB serial interface between the control station and the controller was used. Once 

the program starts, automatic initialization of the stage is conducted. This is achieved by moving 

the motors to their absolute position and bringing the stage to its initial state. Following this step, 

the algorithm allows the user to make a decision on the action he/she would like the stage to 

perform. Some examples allowed by the present algorithm is positioning the stage in x, y and z 

direction or any combined variation of the three, scanning in single axis or conducting a planar 

raster scan. For each event, the user can specify the displacement, velocity and acceleration. 

Once selected, the corresponding commands are sent to the controller which amplifies the signal 

and delivers it to the respective motor. At a point when the event is completed, the program 

allows the user to go back and select the next action or to terminate the program and end the 

control procedure.  
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Figure 5.5 Diagram of the control system for the three-axis positioning and scanning stage 

 The algorithm developed for the stage allows manual control using predetermined 

parameters. Similar program was developed using joystick to use the stage as a manipulator 

which allows control on the go. The raster scan speed can be controlled by controlling the speed 

of the stepper motor and positioning to a desired point can be achieved in all three-axes by 

specifying coordinates. Since the stage uses stepper motors, open loop control was used for the 

system rather than closed loop. The resolution, reliability and design of the stepper motor allows 

the use of open loop control unlike servo motors and piezoelectric motors which require 

encoders to measure the displacement or angle of rotation and establish a feedback loop which 

minimizes the error between the desired input and the measured output. 

 The stepper motors used in the three-axis positioning and scanning stage are two phase 

motors (n=2) with five magnetic pole pairs (m=5). The step angle of the motor is defined by Eq. 

(5.1.9) and (5.1.10) as: 

 
s

 
360

 (5.1.9) 

 S n m  2  (5.1.10) 
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 A voltage signal was applied to a pulse generator which sends pulses to the windings 

associated with the two phases. By controlling the pulse time, the velocity of the stepper motor 

was controlled. Since the actuation principle i.e. steps per revolution was directly related to the 

number of pulses, these motors were usually driven in an open loop and therefore do not require 

encoders thus making the system simple, low cost and small in size. As discussed in [93], the 

value of the pulse at each phase was defined through Eq. (5.1.11) as:  

 sin( )j ip n  1 0
 (5.1.11) 

where i 1  is the desired position, and 0 is the location of the winding of the phase where the 

pulse is being sent. The time dependency of the pulse sequence is described by: 

 
fUt

t
m

   (5.1.12) 

where f f is scaling factor used to tune the system and t  is a time step for generated pulse in the 

related phase.  

 Finally, an important characteristic of any stepper motor control is the torque required to 

accelerate a specific load. As discussed in [93], the magnetic field generated inside the stepper 

motor due to a voltage input can be assumed to be sinusoidal. As such, each phase contributes 

certain torque towards the total motor torque, Eq. (5.1.13): 

 sin ( ) ( )Mj oj j mT n t I t k      (5.1.13) 

where the subscript j refers to the winding of interest, ( )j t  is the angular position of the rotor, 

oj the angular position of the corresponding winding, ( )jI t the current running through the 

winding and mk is the motor constant. Because voltage is being applied to the stepper motor, 

current inside the motor is induced as well and the relationship between the two is expressed 

through Eq. (5.1.14) as: 

 
( )

sin( ( ) )

j i

j m j

dI
U emf RI t L

dt
emf k n t  

  

  0

 (5.1.14) 

where iemf  is the electromotive force i.e. the voltage generated by magnetic force, R  is the 

resistance of the winding, L  the inductance in the winding and  is the angular velocity. The 

total torque of the motor is then defined as: 
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 (5.1.15) 

where D is viscous damping and fT is the frictional torque obtained from Eq. . Based on this 

analysis a dynamic model of a stepper motor was created which can be used for further analysis 

in improving the design, efficiency and characteristics of the design as well as towards 

development of a more sophisticated control system for the complex platforms. 

 

5.1.3.4 Experimental Analysis 

 The three-axis positioning and scanning platform was tested on a vibration isolation table 

due to the sensitivity of the experiments that required micrometer resolution. An illustration of 

the experimental setup is shown in Figure 5.6. The main components of the setup included: laser 

vibrometer (Polytec PSV-400), power supply (BK Precision 9110 DC Power supply), acquisition 

system, controller and a computer running NI Labview (not shown in image).  

 

Figure 5.6  (a) Experimental setup diagram, (b) Experimental setup 

Two fundamental tests were conducted in order to characterize the stage: velocity and 

rigid motion analysis. The velocity test was conducted for stage displacements in the x and y 

directions of 1mm. The stage was first actuated in an oscillatory motion for 10 seconds in the x-

direction and then in the y-direction. As noticed on the plot shown in Figure 5.7 the average 
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velocity in the x-direction was 69mm/s and in the y-direction, 48mm/s. Since the stage was able 

to move at this speed for displacements of only 1mm, the same velocities would also apply for 

displacements >1mm as well. The reason why the velocity in the x-direction is higher than the 

one in the y-direction is due to the fact that the actuator in the x-direction is a more powerful 

motor with a lead screw M1x0.4. On the other side the actuator responsible for moving the y-axis 

of the stage is a slightly less powerful motor with lead screw M1.2x0.25. 

 

Figure 5.7 Velocity measurements in the X and Y direction 

Using the same experimental setup, rigid motion study was explored. For both x and y-

axis actuations, three-sections over the range of the entire body were selected and the motion was 

then analyzed. First, the stage was actuated at a distance of 4mm. The laser was then used to 

obtain frequency response function (FRF) of the vibration of the platform. It was determined that 

the frequency of oscillation was around 2Hz. As such, “Fast Scan” was performed using the 

Polytec Scanning Vibrometer at a 2Hz setting. Each section was defined by 28 points. The stage 

was actuated at a frequency of 2Hz for a longer period of time and data of the vibration of each 

point was acquired. The rigid motion was then visually inspected as shown in Figure 5.8. Figure 

5.8(a) and (b) correspond to the vibration of the structure out of the page and into the page along 

the x-axis, and Figure 5.8(c) and (d) correspond to the vibration out of the page and into the page 
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along the y-axis. For example, looking at Figure 5.8 (a), one can notice the three sections 1, 2 

and 3 representing the stage in motion. The (-) sign in front represents the motion of the section 

in the negative x-direction, i.e. -4mm and the (---) sign represents the mid relative position 

x=2mm. In Figure 5.8(b) sections 1, 2 and 3 have a sign (+) which corresponds to motion of that 

section in the positive x-direction, +0mm. Similarly explanation is applied for Figure 5.8(c) and 

(d), where the only difference is motion of the stage in the y-axis. 

 

Figure 5.8 Rigid motion study: (a) x-axis out of the page, (b) x-axis into the page, (c) y-axis out 

of the page, (d) y-axis into the page. 1, 2, 3 are the sections representing the x-axis and 4, 5, 6 the 

sections representing the y-axis. Each section is defined by 28 individual points. The symbols 

before each number: “ – ”, “ --- ” and “ + ”, represent motion in the negative direction, mid 

position and motion in the positive direction respectively 

The scanning laser vibrometer recorded the velocities of each individual point from each 

section, 1, 2, 3 and consequently provided the results of the mode shape of the stage. From the 

results shown in Figure 5.8, all of the 28 points from each section moved at the same frequency 

in the same plane. This concludes that the motion of the stage in the x and y-direction is in fact 

rigid. If this was not the case, than the shape of each section would not be a flat rectangle as 
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shown. In addition, the motion of all three sections was synchronized because all of the sections 

pass through the relative location at x=2mm or y=2mm at the same time, thereby confirming the 

expected results.  

Resolution and repeatability test of the stage were also conducted using a laser displacement 

sensor (MTI Instruments). The stage was actuated 6 times backward and forward for three 

different lengths: 10 m , 1mm and 5mm. The experimental results were obtained digitally and it 

was determined that the stage had repeatability with error of   4 m . Similarly, the laser was 

used to measure the resolution of the stage, which has shown that the experimental resolution 

was around 3 m in the x and y-direction. A test was conducted to identify the writing resolution 

of the device as described below. An ultra-fine pen with a nib diameter of around 300 micron 

was used as a mock-up OCT probe for proof-of-concept experiment. The stage was positioned 

above a blank sheet of paper at the origin of the local coordinate system. An algorithm in 

Labview was developed to control the stepper motors to recreate the different patterns. The 

output of this experiment for different sample patterns is shown in Figure 5.9 taken using an 

optical microscope (Omano OM99T-V7 - 6.5x-45x). The least count shown as a scale reference 

is 0.5mm. For both the maze and the raster scan, Figure 5.9 (a) and (b) correspondingly, the 

spacing between two consecutive lines was 100 µm. This figure clearly demonstrates the ability 

of the system to provide micro-scale surgical scanning and cutting in complex pattern with high 

degree of resolution. In real systems, one can easily scale the dimensions of the stage to match 

the dynamic parameters required for scanning through an optical source or for cutting through a 

laser source.  
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Figure 5.9 Complex geometrical patterns written using the 3-axis stage: (a) Maze, (b) Raster 

Scan, (c) Virginia Tech logo 

 

5.1.4 Comparative research study 

Linear stages, whether they are single or multi-axes have been commercialized for 

various applications. However, finding a motorized stage which will be able to satisfy the 

requirements of complex systems such as MIGS platform discussed in Ref. [88] was not possible 

based on the literature and market search. Due to these reasons a new type of stage was designed 

and developed. Since the capability of a specific stage is mainly dependent on the actuator it 

uses, research on different type of actuators was conducted to guide the selection. The research 

was mainly focused towards the smallest actuators available commercially which can also meet 

the required speed, resolution and torque. Most promising actuators were found from 

manufacturers such as: Micromo, Nanomotion, Anaheim Automation, New Scale Technologies 

and Physik Instrumente. Comparative study of actuators for the MIGS platform is presented in 

Figure 5.10. As noticed on the plot, eight different actuators contributed to the list. The actuators 

presented are of the following type: stepper motors (SPM1) and (SPM4), servo motor, (SM2) 

and piezoelectric motors, (PM3), (PM5), (PM6), (PM7), (PM8), Table 5.1-3. All of the motors 

with the exception of (PM3) were characterized with force output >1N which was considered to 

be suitable for a miniature three-axis system. The most important characteristics with the 

exception of the force were: velocity, resolution and size. The chart shown in Figure 5.11 allows 
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a visual representation of the most important characteristics for the three-axis positioning and 

scanning stage and the specifications are shown in Table 5.1-4. Since our objective was to make 

the smallest possible stage which can achieve velocities between 10-40mm/s, and resolution of 

<10microns, the most promising actuators were (SPM1), (PM3) and (PM5).  

 

 

Figure 5.10 Actuator comparison chart 
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Table 5.1-3 Actuator specifications 

 

Actuator (make/model) 

 

Force 

Output 

( )N  

Velocity 

mm

s

 
 
 

 

 

Resolution 

( m ) 

 

Size 

( )mm3
 

     

(1) Micromo - Stepper motor with 

lead screw M1.2x0.25 [94] 

2 40-50 1.7 693 

(2) Micromo - Linear DC-

servomotor [95] 

10 200 180 11641 

(3) Micromo - Piezowave Motor 

[96] 

0.1 150 1 443.52 

(4) Anaheim Automation – High 

torque stepper motor with lead screw 

M4x1.27 [97] 

8.8 60 0.7 18119 

(5) New Scale Technologies – 

Piezoelectric Motor Squiggle [98] 

2 10 0.5 403 

(6) Nanomotion – HR1 series [99] 3.5 250 0.1 8326 

(7) Physik Instrumente –

Piezoelectric motor U-164 [100] 

4 500 0.05 9306 

(8) Physik Instrumente – 

Piezoelectric Motor N-310 Nexact 

[101] 

10 10 0.05 7500 

 

The stepper motors used a lead screw mechanism which transformed the rotational 

motion into linear motion. Based on the combined specifications between the lead screw and the 

motor itself a comparison could be obtained with the linear piezoelectric motors. Micromo’s 

(PM3) was the smallest motor, however due to the very small force it produces it was eliminated 

from the selection process. Between the Micromo’s stepper motor (SM1) and the Squiggle motor 

(PM5), the stepper motor was selected as the main actuator in the three-axis positioning and 

scanning platform. The main reasons behind this decision were: higher velocities, lower price, 

simplicity of the control system and greater robustness. The remaining motors even though 
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characterized with impressive resolution and very high velocities, were simply much larger than 

(PM1) and therefore were not selected in the final design.  

 The three-axis scanning and positioning stage using Micromo’s stepper motor satisfied 

all of the requirements while maintaining miniature design. Our stage was compared to other 

available stages on the market which share similar displacement range, 10mm-20mm. Stages 

from leading precision manufacturers (Zaber, ThorLabs, New Scale Technologies, Newport and 

Physik Instrumente) were compared to our stage. The results are shown in Figure 5.11 supported 

by the specifications listed in Table 5.1-4. The comparison study was based on three categories: 

velocity, resolution and size. To note, due to the shape of the stage, the size was defined as a 

volume of a cube enclosing the stage, and was based on the available information on the 

corresponding websites. From Figure 5.11 it can be seen that the stage presented in this chapter 

outperforms the referenced stages in the velocity and miniature size category, but not in the 

resolution. Even though in the resolution category, the other stages outscored, this was not of 

great importance since the initial resolution requirement was <10 µm which we achieved.  

 

Figure 5.11 Three axis motorized stage comparison chart 
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Table 5.1-4 Three axis motorized stage specifications 

 

Stage (make/model) 

Velocity 

mm

s

 
 
 

 

 

Resolution (

m ) 

 

Size ( )mm3
 

    

(1) Our stage 40-50 <10 85000 

(2) ZABER - XYZ series [102] 4 0.4 5644621 

(3) Physik Instrumente – M110 [103] 1 0.05 430528 

(4) ThorLabs – MT3-Z8 - XYZ 

Motorized 1/2" Translation Stage 

[104] 

3 2 3647257 

(5) Newport - Motorized Gothic-

Arch Bearing Stage [105] 

0.02 0.03 478973 

(6) New Scale Technologies - 

Motorized stage Squiggle [106] 

2 0.02 393144 

 

Please note that this section was presented just to assist the readers with the literature 

review of the precision stages and actuator available commercially. The comparative analysis 

conducted using the information available in open literature was focused on specific set of 

parameters that were important towards our stage. The hope is that readers will continue to revise 

and add more information to this table which will make the list exhaustive and help towards the 

design of better performing systems. 

 

5.1.5 Applications of three-axis positioning and scanning 

platform 

 The platform presented in this study can be used as a tool in many different applications 

besides meeting the requirements for MIGS platform briefly mentioned earlier. In this study two 

promising applications where the stage opens up new opportunity are presented.  
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5.1.5.1  Laser based micro-machining 

 The stage can be integrated with a laser which can be used for engraving, dissecting 

biological tissues, precise machining through different materials etc. An experimental setup for 

this type of application is shown in Figure 5.12. Some of the key elements in the setup are a 

power supply required by the EZ4axis controller responsible for controlling and driving the 

stepper motors integrated into the platform. A control station running NI Labview was used to 

develop an algorithm which sends commands to the controller and therefore guides the motion of 

the stage. Several different patterns in 2-D such as squares, spirals, circles can be programmed in 

NI Labview and then sent to the EZ4 axis controller which can drive the stepper motors and 

generate the desired pattern. LabView NI SoftMotion module allows design of custom motion 

control applications using graphical tools. It takes a CAD drawing, converts it in to a coordinate 

system and accordingly achieves control over the motors.  

 In Figure 5.12, the laser was composed of a laser diode, heat sink and a lens all housed 

into one module. The platform was not limited to this laser only, but can be modified to 

accommodate any type of laser using fiber optic coupling between the laser diode and the lens. 

Fiber optic cables allow for more flexible operation due to high efficiency in guiding light. In 

such scenario, one end of the fiber optic cable would be coupled with the laser diode away from 

the stage. This allows for a more powerful laser and better heat sink which are generally much 

larger in size than the laser shown in Figure 5.12. The other end of the fiber optic cable will 

integrate a collimator and a lens which with today’s technology can house both in a module with 

diameter of 2-3mm and length of up to 8mm.Some of the advantages of this type of setup over 

other conventional laser cutters is that it is much smaller in size and will focus only in 

applications requiring small micro level precision. The system as proposed will be more modular 

since the stage can be moved to the specimen itself instead of the other way around. Finally the 

system is much more affordable due to its design, simplicity and ease of handling. 
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Figure 5.12 Setup for a laser-based micromachining   

Some aspects of this applications that need to be considered in order for the setup to 

provide the desired results such as achieving a certain resolution and specifying the right material 

and operation conditions. The resolution of the laser cutting platform is limited to the resolution 

of the stage and the diameter of the laser beam. The resolution of the stage is dependent on the 

combined resolution of the actuators and lead screw, and the size of the spot can be written as: 

 
M f

Spot diam
D






24
 (5.1.15) 

where  is the wavelength of the laser beam, M is the beam mode parameter, f is the focal length 

and D is the laser beam diameter as it comes out from the collimator. The laser diode generates 

high intensity of light which is focused to a single spot size using a collimator and a lens. The 

energy is focused to a point which is great enough to break the atomic bonds of the material thus 

melting it. The higher the absorbance coefficient and the lower the reflecting coefficient of the 

material, the more efficient will be laser machining [107]. Based on the thermodynamic theory 

proposed in literature [20], the power required to melt a specific volume is defined by: 

 FC
FC K C C m

E
P w t v h

t
    (5.1.15) 

where FCE  is the energy, t is time,  is density of the material, mh is the enthalpy increase 

needed to melt the material and  ,  and K C Cw t v are the width, thickness and cutting speed. In 

addition, the cutting speed is defined as: 
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where LP is the available laser power and r0 is the radius of the laser beam. 
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5.1.5.2 Mask-less lithography 

Another promising application for the stage is in photo-lithography patterning. In photo-

lithography, the process begins with a clean silicon wafer which is then thermally oxidized. The 

SiO2 layer created on the silicon wafer is mainly used as insulation or sacrificial layer depending 

upon the application. Once the thermal oxidation procedure is complete a photoresist is spun on 

the silicon wafer. Depending on the angular velocity of the spin coater, thickness of the photo 

resist can be regulated. Next, the silicon wafer is placed on an oven to be soft baked. An 

illustration of the steps in photolithography is shown in Figure 5.13(a). This figure compares the 

traditional photolithography process with the proposed new approach. In the conventional 

procedure after the photoresist has been spun, a mask is required for etching the pattern. Once 

mask has been positioned on the silicon wafer, UV light exposes the photo resist. Soon 

afterwards the wafer is hard baked and the result is shown in the bottom of Figure 5.13(a). Using 

the modified process proposed here, there will be no need for the mask. Instead, the platform is 

used to guide a UV light beam over a silicon wafer. Following this method, the photo-resist 

exposure is controlled by controlling the motion of the three-axis positioning and scanning stage. 

In this application the UV light was focused to a micrometer diameter spot size which exposed 

the photo-resist as the stage moved it along a desired path. An image of the experimental setup 

inside the Virginia Tech clean room is shown in Figure 5.13(b). Once more a control station was 

used to develop the algorithm required for moving the UV light beam. Similar to the laser tool 

application, the system proposed was fiber coupled. Fiber optic cable on one side was connected 

to a UV Light source and on the other side to a collimator and a lens. In our clean room, the 

photoresist was mostly sensitive to 365nm and 405nm wavelengths and light intensity 

 and 
mW mW

cm cm


2 2
8 18  respectively. Depending on the power delivered to the photoresist, the speed 

of the stage varied as well. The exposure time was dependent on the exposure dose which varied 

with different photo-resist. The lens and collimators were placed inside a housing module in the 

stage dictating the focal length and spot size, i.e. the resolution of the MEMS fabrication 

platform.  
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Figure 5.13  MEMS Fabrication procedure. (a) Conventional vs. Proposed, (b) mask-less 

photolithography setup in the clean room 

 

The main advantage of our approach over the conventional process is exclusion of the 

mask design from the photolithography procedure. Since masks are mostly outsourced, they are 

usually accompanied by a time delay and costs. In addition once a mask is build, changes on it 

cannot be made, but a new one has to be created. With our system, any pattern which is desired 

can be directly transferred to the wafer itself, making the procedure less time consuming and 

more affordable. Further, any changes or modifications to desired patterns can be updated on the 

demand. Also in the clean room our setup is much more modular due to its size and fiber–optic 

cable coupling and can be conducted with ease. In comparison, the conventional method requires 

mask aligner and large equipment which limits the mobility. 

 

5.1.6 Conclusion 

In this study three-axis positioning and scanning stage with miniature size and 

competitive performance characteristics was successfully conducted. The necessary parameters 

and specifications for affordable/applicable actuators were also established. The design was 

developed in NX Unigraphics and then manufactured using rapid prototyping techniques. The 
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size of stage was 50mm x 50mm x 34mm achieving 12mm x 10mm scan area and 10mm z-axis 

motion. Multiple experiments were conducted on the stage to verify the predicted capability. We 

were able to show that resolutions of less than 10µm can be achieved along with excellent 

repeatability and velocities of greater than 40mm/s. For the first time a novel concept of a stage 

was demonstrated, which can achieve three-axis positioning using only two actuators. Finally 

different applications of the stage were analyzed including laser based micro-machining and 

mask-less lithography. 

 

5.2 Miniature Shape Memory Alloy Heat Engine for 

Powering Wireless Sensor Nodes
4
 

Shape Memory Alloys (SMAs) exhibit temperature dependent cyclic deformation.  

SMAs undergo reversible phase transformation with heating that generates strain which can be 

used to develop heat engine. This study is based on the emphasis that environmental heat can 

first be converted into mechanical energy through SMA deformation and then into electrical 

energy using a micro turbine. The presented SMA heat engine was tailored to function as a 

miniature energy harvesting device for wireless sensor nodes applications in medical institutions. 

This is due to the great desire for improved monitoring system in intelligent healthcare 

environments. As a result of this push, sensor deployment which will be able to measure just 

about anything will be inevitable. Accordingly, powering these sensors becomes a challenging 

issue, since wiring is not an option. A proposed solution to this existent problem is covered in 

this section. 

 

5.2.1 Introduction 

  Wireless sensing nodes are becoming ubiquitous addressing the requirements of smart 

healthcare system, in order to provide continuous monitoring and automated system. As 

discussed in Chapter 1, sensor networks are going to represent essential elements in establishing 

                                                 
4
 Some of the work discussed in this section was published in the Energy Harvesting and Structures journal. The 

citation is below. “The final publication is available at http://www.degruyter.com/view/j/ehs.2014.1.issue-1-2/ehs-

2013-0003/ehs-2013-0003.xml” 

 Avirovik, D., Kishore, R., Vuckovic, D., Priya, S., "Miniature Shape Memory Alloy Heat Engine for Powering 

Wireless Sensor Nodes", Energy Harvesting and Systems,De Gryter,0,1-6 (2014) 

http://www.degruyter.com/view/j/ehs.ahead-of-print/ehs-2013-0003/ehs-2013-0003.xml
http://www.degruyter.com/view/j/ehs.ahead-of-print/ehs-2013-0003/ehs-2013-0003.xml
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closed loop system which will continuously acquire data, analyze, interpret and then respond 

accordingly. The challenge with the implementation of wireless nodes lies in powering them 

over a long period of time, in most cases greater than 5 years. The obvious powering options are 

wires and/or batteries. These unfortunately are not the optimal solutions. Wires are expensive to 

maintain and install, and their use for powering large number of sensors will be quite disruptive 

and wearisome for both the medical staff and patients. On the other side, batteries require 

recharging or replacing and then there exist the problem of their disposal. In addition 

maintenance of sensors, especially those integrated inside the walls will be very troublesome. 

This need has driven research on the energy harvesters that can convert the locally available 

energy into electricity and replenish the storage media. Since the objective is targeting sensors 

integrated inside medical institutions, only vibration and thermal become obvious choices. 

Vibration would mainly come from a larger equipment such as a generator, however due to the 

fact that such equipment is only located at few places around hospitals, the one realistic 

alternative remaining is thermal. This is due to the presence of many hot sources inside 

buildings, specifically hot water/steam pipes. Along this line of thought, it was demonstrated 

here a thermal energy harvesting concept that has significant promise in the constant temperature 

environment.  

Conventional methods for low power energy harvesting from heat are mainly based upon 

the thermoelectric or pyroelectric effect. Thermoelectric (TE) devices convert temperature 

gradient across the device into electricity. Pyroelectric devices generate electricity in response to 

the alternating temperature variations. Pyroelectric materials have been reported to possess 

higher efficiencies compared to other thermal harvesters approaching up to 50% Sebald, Pruvost 

[108]. Results have shown that power densities of 12.9μW/cm
2
 can be obtained for Pb(Zr,Ti)O3 

and 100-169μW/cm
2
 for piezoelectric relaxor single crystals Sebald, Guyomar [109]. However, 

the requirement of cyclic temperature variations, rarely found in nature, limits the use of 

pyroelectric effect for energy harvesting applications. Unlike pyroelectrics, thermoelectric 

devices are most commonly used as heat recovery agents. TEs can reach power density of 200 

μW/cm
3
 for dimensions on the order of 0.25cm

3
Roundy, Steingart [110]. However, 

thermoelectric devices require an effective heat sink which adds to the size, cost and complexity 

of the device. In addition, the efficiency for these devices at temperatures below 200°C is below 
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5% and at temperatures below 100°C efficiency drops to much less than 1% Ismail and Ahmed 

[111]. 

This study focuses on an alternative heat energy recovery mechanism for applications 

where temperatures are less than 100°C. The mechanism is based on the shape memory alloy 

(SMA) that exhibit memory effect which translates into a mechanical force when driven beyond 

the austenite finish temperature. SMAs have been utilized in numerous actuations and sensing 

applications [112], [113],[114], [115], [116]. They have also been explored for heat engine 

applications, where the first one was developed more than half a century ago [117]. Since then, 

several researchers have utilized the SMAs for converting heat energy into mechanical energy 

Wakjira [118], Wang [119], Johnson [120], Pachter [121], but none of these designs are 

commercially available for thermal energy harvesting. Further, prior research has mainly 

targeted large scale conversion of thermal energy into mechanical energy and has not been able 

to provide complete solution for continuous harvesting and storing the generated electricity. Sato 

et al. have demonstrated a functional SMA heat engine Sato, Yoshida [122] that produced 1.16W 

using five SMA belts and the size of system without generator was on the order of 1850mm x 

550mm x 500mm. 

An optimum solution for the SMA heat engine suitable for implementation at miniature 

scale that could lead to new generation of power sources for wireless sensor nodes is provided. 

The fundamental challenge at smaller dimensions lies in the fact that the torque generated by the 

SMA wire should be sufficient to overcome the cogging torque of the electro-magnetic 

generator. It has been demonstrate that this challenge can be overcome by designing generator 

that is able to self-start. Three basic measurements were conducted to evaluate the capability of 

the system: angular speed as a function of temperature, mechanical power as a function of 

angular velocity, and electrical power as a function of the mechanical power generated. Using 

the miniature SMA heat engine, a fully functional self-powered wireless sensor node was 

developed. 

5.2.2 Experimental Setup and Principle of Operation 
 The design of a small scale heat generator is based on the concept proposed by [123]  

almost 30 years ago. The design of the “Heatmobile” as it has been referred to in the literature is 

composed of three main components: hot water reservoir, pulley system and an SMA wire. 

Figure 5.14  shows the description of the experimental setup as well as a diagram outlining the 
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operation principle of the device. The key components of the device are SMA loop wire of 

300m diameter (Grand Illusions Inc.) and two pulleys offset from each other at a specified 

distance limited by the length of the SMA loop wire. Cold pulley is attached to an 

electromagnetic generator developed in our laboratory and hot pulley is submerged in a hot water 

reservoir. The temperature of the hot water is regulated by a hot plate and was measured using a 

thermocouple. Just besides cold pulley, a propeller from a micro wind turbine is used to cool the 

SMA wire through forced convection of room temperature airflow. A tachometer was used to 

measure the angular velocity of the blades i.e. the electro-mechanical generator. 

 

 

Figure 5.14 Measurement technique: (A) Illustrative diagram of experimental setup, (B) 

Experimental setup used for characterization 

Due to the shape memory effect, as the SMA loop wire comes in contact with the hot 

water, it transforms from the martensite to austenite phase as shown in Figure 5.14(b), therefore 

causing the wire to return to its original shape (which was initially straight). As the SMA wire 

strains, torque is generated around hot pulley, causing the pulley to rotate. Since the pulleys are 

connected via the SMA wire, cold pulley rotates as well and consequently turns the generator. 

The SMA wires have very low heat capacitance which allows the SMA part that was submerged 

under water to cool-off almost immediately after it leaves the hot water medium. The part of the 

loop wire that follows next, comes in contact with the hot water, heats up and as a result strains, 

thus repeating the process all over again. The system can run continuously as long as the 
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temperature of the hot water is maintained above the transition temperature. In addition to the 

strain created at the bottom of the hot pulley, during operation, vibration in the SMA wire is 

another factor that aids the continuous rotation of the SMA turbine.  

5.2.3 Experimental Characterization of Device  
By regulating the temperature of the water reservoir and monitoring the angular speed, a 

derivation of the relationship between the angular speed and temperature in both the heating and 

cooling stage was obtained. Figure 5.15 illustrates how the temperature affected the angular 

velocity in both the heating and cooling stage. As seen here, the highest angular speed was 

achieved at 71°C, corresponding to 480rev/min. A small hysteresis of about 1.5°C was also 

observed. The generator started spinning at 65.5°C during the heating phase and then came to a 

halt at a temperature of 64°C towards the end of the cooling phase. The hysteresis was expected 

since additional energy (higher temperature) was initially required in order to overcome the 

cogging torque of the generator. 

 

Figure 5.15 Angular speed of the generator as a function of temperature  

 Once it was identified that highest angular speed occurred at 71°C, the temperature of the 

water reservoir was fixed and the mechanical power of the device was measured. Figure 5.16 

shows the angular speed measured as a function of time. The experimental results of the angular 

speed are represented by a 6
th

 order polynomial shown in Figure 5.16(a). The torque was 
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calculated following the methodology described elsewhere [124]. The angular speed reached 

steady state in a very short time period; therefore, in order to obtain the torque generated by the 

device, the focus was mainly on the transient response of the speed curve. By differentiating the 

speed expressed as a 6
th

 order polynomial, angular acceleration was obtained. The torque 

generated by the device was calculated using eq.(5.1.17): 

                                                                                                                           (5.1.17) 

  

where  is the angular acceleration and is described through eq. (5.1.18) as: 

  (5.1.18) 

where  is 4.71E-7 ,  is 8.74E-7 and is 6.046E-6 . 

Lastly, the mechanical power curve illustrated in Figure 5.16(b) was calculated using eq. (5.1.19)

: 

  (5.1.19) 

From these results, the maximum mechanical power from the current design was calculated to be 

2.57mW at the angular speed of 226rev/min as shown in Figure 5.16(b). 

 
 

Figure 5.16 Mechanical characterization of SMA turbine: (A) Angular velocity and Torque 

curves, (B) Mechanical power as a function of angular speed 

 The next step was converting the mechanical energy to electrical energy through the 

utilization of the micro electro-magnetic generator. In this experiment, the device was run at its 

optimal condition, i.e. 71°C. A resistor sweep study was conducted where the voltage was 

measured across different load resistances ranging from 1Ω-1000 Ω as shown in Figure 5.17(a). 

totalJ  

 totalJ

total pulley blades generatorJ J J J  
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Figure 5.17(b) represents the electrical power generated by the system at different resistance 

values. The maximum electrical power measured was 1.76mW at 80Ω load resistance.  

 

 

Figure 5.17 Electrical characterization of SMA turbine: (A) Output voltage as a function of 

resistance, (B) Electrical power as a function of resistance 

5.2.4 Demonstration study 
A wireless sensor network was powered by the SMA heat engine as a demonstration. In 

this system, the SMA powered generator was charging a buffer storage, which once filled, 

provided energy to a wireless sensor node, that in turn, transmitted the measured ambient 

temperature to a nearby base station, which displayed the data on a computer screen. Figure 5.18 

shows the block diagram of the electrical system. The first step in utilizing the available power 

generated was converting the alternating current output of the generator into direct current. Due 

to low currents on the order of mA, voltage drop over the diodes in the rectifier introduced 

significant power losses. In order to provide higher efficiency, a voltage doubler was chosen as a 

rectifier circuit bringing the efficiency to 56%. The power management unit consisted of a 

BQ25504 circuit (Texas Instruments Inc.) which had an integrated DC/DC step up converter on 

the input together with a power management module that controlled the connection between the 

load and the storage. By doubling the input voltage, as stated previously, the relative difference 

between input and output voltage was reduced allowing the DC/DC converter to operate at 

higher efficiency compared to the efficiency in case of a standard diode bridge. BQ25504 circuit 

has integrated power management features that allowed for the load to be disconnected from the 

storage until the storage reached predefined voltage level. Our application had this threshold 
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level set to 3.1V.  Once active, load drained the energy stored until the voltage on the storage 

reached 2.2V. Storage used was a 2.2mF aluminum electrolytic capacitor. This storage was 

chosen based on the load of the system, which in our application was a wireless sensor platform 

ez430 (Texas Instruments). This platform consisted of a low power MSP430 microcontroller 

with onboard temperature sensor and an attached 2.4 GHz CC2500 radio module.  

The network was set up in a way that once active, the microcontroller performed a set of 

measurements and transmitted the data over radio to the base station. Microcontroller measured 

ambient temperature and storage voltage. Following transmission, the microcontroller put the 

radio module to sleep, disabled the temperature sensor and entered a low power sleep mode for 

duration of one second. After the sleep time expired, the microcontroller would wake up and the 

cycle would repeat itself. The cycle of sleeping-waking up-measuring-transmitting-sleeping 

continued as long as there was sufficient energy in the storage. In case, where there was not 

enough energy, the power management module would power down the microcontroller and wait 

until the storage voltage level reached predefined value. The storage was being actively charged 

as long as there was power coming from the SMA generator and the charging process was not 

affected by microcontroller operation. 

 

Figure 5.18 Block diagram of the wireless node 

 

5.2.5 Discussion 
Unlike all the previous studies, this study focuses on the development of a miniature heat 

recovery system which can be integrated in healthcare, as well as residential and industrial 

environments. Different scenarios for providing the heat to the miniature SMA heat engine can 

be designed. One of the alternative ways is to deliver the heat wirelessly through microwaves or 
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laser light (See Appendix A) and then converting the light energy into electrical energy in order 

to power wireless sensor nodes. The objective is to heat a small section of the SMA wire to a 

specific temperature. Figure 5.19 shows the practical scenario that can be built using the SMA 

heat engine concept. The proposed solution allows integration of the SMA thermal energy 

harvester onto hot water pipes which run throughout hospitals in order to take the heat and 

convert it into usable electrical energy for powering numerous sensors such as: RFID, 

temperature, humidity, motion and occupancy, accelerometers and etc. 

By simply replacing the hot water source with a hot pipe source and attaching the SMA 

heat engine onto the outer shell of the pipe, electrical energy can be continuously generated.  

 

Figure 5.19 Conceptual illustrations for implementation of miniature SMA heat energy harvester 

Most SMAs operate at temperatures of 70°C or 90°C depending on their classifications 

Low Temperature (LT) or High temperature (HT) SMAs respectively. These temperatures are 

high for the outside environment; however temperatures greater than 40 C° are very realistic in 

variety of scenarios. [125]have shown the potential for lowering the martensite to austentite 

transition temperature by changing the composition of the SMA. The results showed that 

increased Ni content in conjunction with Cu doping results in significant shift of the transition 

temperature. The power generation capability is highly dependent on the electro-magnetic 

generator characteristics. The electromagnetic generator used in this study can produce up to 

257mW power at angular velocities of 4200 RPM. Introducing gear system will allow the 

increase of the RPM while sacrificing the torque. The torque can be increased to by adding more 
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SMA wires to the system. At present 4:1 gear ratio with a single wire was achieved, but future 

studies will include even higher gear ratios in order to maximize the output power.  

5.2.6 Conclusion 

In summary, this study presented a concept of a miniature heat engine utilizing a 300m 

SMA wire that generated enough torque required for turning an electromagnetic generator. 

Characterization of the mechanical and electrical component of the device was conducted and a 

complete wireless sensor system where a hot water reservoir was used as a heat source and the 

SMA device as a heat recovery generator was developed. The generator was able to produce 

1.7mW of electrical power which was more than enough to charge a wireless sensor node, thus 

demonstrating the potential for this harvester to be used as primary source of energy for wireless 

sensor networks.  

5.3 Carbon Nanotube Thermo-Acoustic Projector 
With new implantable sensors being developed and their integration inside the human 

body for health monitoring, there will be a need for a system where communication occurs 

between the sensors without wires. Imagine a scenario where many implantable sensors 

communicate between each other and a control system makes real time decision on whether 

implantable drug delivery devices should be activated or not or whether the patient should be 

warned of an imminent threat to his/her life. It is well known that RF signals are the main means 

in sensor communications in air medium, but in water it is quite the opposite, their operation is 

very poor. Since the human body is almost 65% water, different means of communication are 

necessary and the most promising solution are acoustic waves. A new research initiative has 

recently been started by the WiNES Lab at the University of Buffalo, claiming that acoustics can 

be used as means of communication inside the human body. The diagram shown in Figure 5.20 

presents such a scenario. In addition, a wireless capsule such as those discussed in Chapters 3 

and 4 can also be equipped with thermo acoustic sonars and can effectively communicate with 

sensors already implantable inside the body. This will allow continuous communication and 

operation not just between the fixed sensor nodes but also the mobile sensors as in the case for 

WCEs. The sound generated from the thermo-acoustic sonars need not only be used as a 

communication device between implantable sensors. They could be used in recovery rooms 

providing sound medical therapy. The emphasis in this chapter is to present first describe the 
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concept and then analyze the thermo-acoustic projectors using the carbon-nanotube sheet 

technology. 

 

 

Figure 5.20 Thermo-acoustic sound projectors inside the human body 

 

5.3.1 Introduction 
Carbon Nano Tubes (CNT) are cylindrically aligned nanostructures which have shown to 

have extraordinary properties, such as mechanical, electrical and also thermal. Due to their 

thermal-conductive properties, CNTs are able to generate smooth-spectra sound over a wide 

frequency range (1-10
5
 Hz) through means of thermo-acoustics. Aliev et al. [126] have 

developed a CNT device for underwater applications, where a sheet of CNTs was suspended 

over two electrodes. Due to the very low heat capacity of the CNTs, the sheet temperature can 

synchronize with electrical current running through it. As a result, by supplying alternating 

current, thermal pressure is being generated across the sheet, which translates into acoustic 

waves in the audible range (20Hz-20kHz). As described in Ref [126], the underwater thermo-

acoustic projector is simply composed of CNT sheet and two electrodes.  

 According to the model developed in Ref [127], the sound generation efficiency for open 

CNT sheets increases proportionally to f 2
:  
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 (5.1.20) 

where f is frequency, g is density of inert gas, gv is the sound wave speed in the inert gas, pC

is the heat capacity of the gas, T0 is the temperature of the surrounding ambient gas and hP is the 
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applied AC power. This equation describes that the efficiency of the device decreases in high 

frequency regions and it essential to seal the (CNT) sheets as they are sensitive to the 

environment due to their nano-scale thickness and high surface temperature. The device reported 

in study was encapsulated between rigid plates in inert gas. In this case, the efficiency of the 

device is inversely proportional to f
2
, therefore contributing to higher efficiency at low frequency 

operations. 
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where  is the heat capacity ratio and Q is the quality factor of vibrating plates. Since the device 

is enclosed, mechanical dynamics are introduced to the system which requires studying the 

structural dynamics. The thermo-acoustic sonar generates thermal pressure that translates into an 

acoustic pressure which acts on the walls of the device and consequently induces vibration. This 

vibration influences the dynamics in the system and changes the performance characteristics. 

The higher the power delivered to the projector, the higher the pressure generated and 

accordingly the higher is the amplitude of vibration. The resonance of the device is in this case is 

highly dependent on the material properties of the plate, the inert gas used, boundary conditions 

and stiffness properties. 

In order to obtain efficient and compact sound projector, a comprehensive set of 

experimental characterization were necessary in conjunction with the modification to the 

structure and materials. The functionality of the thermo-acoustic projectors is a function of many 

design and operation parameters: boundary conditions, dimensions, number of material layers, 

operation frequency, power inputs, temperature and etc. Accordingly, different experimental 

setups were developed to understand the effect of these parameters. The content discussed in this 

chapter was mainly focused on the dynamic characterization and vibration properties of the 

acoustic projector as well as thermal characterization following the experimental setup defined in 

Figure 5.21. 
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Figure 5.21 Experimental setup for characterizing MWCNT sheets 

 

5.3.2 Modeling 
 In order to provide a mathematical approximation of the response of the CNT projector as 

it vibrates due to the harmonic thermal pressure generated inside the encapsulated device, a 

lumped element model was developed. This model is respectively shown in Figure 5.22. The 

plates used to encapsulate the device are represented by: spring, mass, damper elements, and the 

boundary conditions (B.C.) which are result of the silicon spacers placed between the two plates 

represented by spring and damper elements. The harmonic pressure generated is a function of the 

thermal expansion and acoustic pressure generated inside the CNT projector, and is represented 

by cos( )F t1 and cos( )F t2 . 

 

Figure 5.22  Lumped element mechanical model representation of the CNT projector 
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Additional springs and damper elements can be used to represent the system more 

accurately, however, the principle of modeling will remain the same. The effective stiffness and 

damping will finally be expressed by a single damper and single spring element, simply by 

adding them in series as shown in eq.’s below:    
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 Once the effective stiffness and damping is determined, the equation of motion for the 

system is expressed as: 
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 (5.2.4) 

Finally, one way to determine the response of the system is through state space 

representation of the model and numerically calculating the response using Matlab. The 

procedure of obtaining the state space matrix for the equations of motion obtained in eq.(5.2.4)  

is shown below: 
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 An example of the system illustrated in Figure 5.22 for the given values below is shown 

in Figure 5.23. 
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Figure 5.23  Displacement and Velocity as a function of time 

. 

In addition, parameterization study of the system represented by Figure 5.22 was also 

conducted in order to determine the response of the system as a function of stiffness. The 

relationship between the natural frequency and stiffness and amplitude of vibration and natural 
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frequency are shown in Figure 5.24. In the parameterization study, initial conditions [

  

 ̇ 

  

 ̇ 

]  [

 
 
 
 

] 

were used. 

 

Figure 5.24  (a) Natural frequency as a function of stiffness, (b) Amplitude of vibration as a 

function of natural frequency 

 

5.3.3 Results and Discussion  
One sample device developed by the NanoTech Institute - University of Texas, Dallas is 

shown in Figure 5.25. The device is composed of three strips of superimposed MWNT sheets 

suspended between two glass plates (75 x 50x 1mm microscope slides). Elastic silicon rubber 

strips were used to separate the MWNT sheet from the glass plates. Figure 5.25 presents the 

overview of devices subjected to different boundary conditions (B.C.). Analysis of the vibration 

of this device for various B.C. was conducted using a scanning laser vibrometer, Polytec 

PSV400 (VAST Lab, Virginia Tech).  
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Figure 5.25 Free-Free boundary conditions for vibrational characterization of variable MWNT 

sheets TA device: a) Soft mat, b) stiff mat, c) table top, d) hanging, e) suspended 

Shown in Figure 5.26 is the frequency spectrum (1000Hz – 10000Hz) of the vibrating TA 

device for different external boundary conditions. The frequencies between the different cases 

were only slightly different and their magnitudes also varied due to the different damping 

introduced to the system. As seen in Figure 5.26 (a), the largest amplitudes were derived from 

the suspended and hanging boundary conditions with fundamental frequencies of 2262.5Hz and 

2276.5Hz respectively. Besides the fundamental frequency, the spectrum includes two other 

resonance frequencies for the device at different boundary conditions. In the case for the 

suspended boundary condition, these frequencies were found to be 3743Hz and 4945Hz 

respectively. In addition to the frequency spectrum, Figure 5.26 (b), (c) and (d) show the 

experimentally observed deflection shapes at these three resonance frequencies.   

 

 

Figure 5.26 Vibration characterization study: a) Frequency response spectrum of TA device 

based on different free-free boundary conditions, b) 1
st
 Mode Shape, c) 2

nd
 Mode Shape, and d) 

3
rd

 Mode Shape. 
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Through excitation of the TA device at the 1
st
 natural frequency and using the laser 

vibrometer, it was possible to obtain the velocity of the plate at specific points across the surface, 

Figure 5.27. By integrating the velocity profile, displacement profile of the TA sample was also 

obtained. The results presented are for power inputs of 3.7W, while the device was actuated at 

the 1
st
 resonance frequency. 

 

 

Figure 5.27 Velocities and displacement of TA devices at 1
st
 natural frequency: a) Velocity 

through the centerline in x direction, b) Velocity through the centerline in y direction, c) 

Displacement through the centerline in x direction, and b) Displacement through the centerline in 

y direction. 

 The results obtained from the experimentail setup in Figure 5.21 are significant because it 

allows observation of the mode shapes of the different TA projectors. By understanding the 

mode shapes, at different frequencies an explanation for the intensity of sound can be observed. 

Actuating the device at the 1
st
 natural frequency, corresponding to the 1

st
  mode shape, would 

generate the largest sound pressure since the surface being actuated is much larger when 

compared to the other modeshapes. For example the second modeshape implies that pressure is 

only generated by ½ of the plate surface. The other ½ is generating sound pressure in the 
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opposite direction. Since it was found that the 1
st
 mode shape generates the largest sound 

pressure, the following step was optimization of the structure through amplification of the 

bending mode of the walls of the TA. Accordingly, the interior boundary conditions were altered 

by changing the compliance of the device. 

 Five rectangular TA projectors consititng of a single CNT sheet layer were developed by 

(University of Texas, Dallas). The only difference between the samples were that each had 

different compliance properties. The schematic diagram of the projector is shown in Figure 5.28 

(a). To control the distance between CNT sheet and the glass plates, elastic rubber strips 

(spacers) were used with varying width. This allowed variation in the compliance, where the 

compliance is inversely proportional to the width of the spacers. For symmetry the same elastic 

strips were attached to the opposite glass as well.  

 

           

Figure 5.28 (a) Schematic diagram of the TA projector comprising free-standing MWNT sheet 

suspended between two soda-lime glass plates (1x50x75 cm3 Corning microscope slides). (b) 

The typical image of the plate displacement at first harmonic taken by scanning laser vibrometer 

Polytec PSV400. (c) The sound pressure spectra of several TA projector comprising single 

MWNT sheet suspended between two glass plates. The spectra were taken in the near field (r=3 

cm) in air. 

 Accordingly, the device were characterized using the laser vibrometer experiment setup 

previously discussed. The results are shown in Figure 5.29 where the velocity and displacement 

profiles for the different samples are presented. As can be seen in Figure 5.29 (e) the internal 

(a) 

(b) (c) 
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boundary conditions changed from C-C-C-C (No spacers) to S-S-S-S (3mm). As a result the 

displacement and velocity curves were much larger for the S-S-S-S boundary conditions.  

    

Figure 5.29 Vibration summary results of TA device with different compliance: (a) velocity 

profile in x direction, (b) velocity profile in y direction (c) displacement profile in x - direction, 

(d) displacement profile in y direction, (e) 3-D profile for different compliance designs. (C-C-C-

C corresponds to clamped conditions around the four edges, S-S-S-S corresponds to simply 

supported conditions around the four edges) 

Besides dynamical characterization, thermal test on the TA device was also conducted using 

IR camera. The device used in this experiment and the temperature profiles are presented in 

Figure 5.30. Moreover a representation of the temperature distribution across the plate at 

different applied powers and time steps is presented in Figure 5.31 (a) and (b). The clear 

distinction between the temperature profile across the three layers, two layer and single layer 
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segment is evident. These results are quite interesting and useful, because the data obtained 

shows the evident distinction between the layers which in reality is not due to temperature, but 

rather black body emissivity. The emissivity is a function of density which is a function of 

number of MWNT  sheets. Therefore it is possible in future studies to estimate the emissivity of 

the CNT sheets and by doing that to estimate the real temperature of the carbon nanotubes. 

Nevertheless the Figure 5.31 (a) and (b) clearly illustrates that the temperature increases 

proportional with power and time. On the other side Figure 5.31(c) shows the cooling profile of 

the TA device due to the free convection at room temperature. The device was heated until it 

reached a stable temperature of 75°C, followed by a period of cooling which was 6 min. In 

addition to this study, expanding this experiment in order to obtain data which will extract 

fundamental information on the heat transfer, temperature distribution, device thermal failure 

and other relevant coefficients will be conducted in future study. 

 

Figure 5.30 Temperature profile of TA device with three different sections, three layers, two 

layers and single layer of CNT sheets 
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Figure 5.31 Experimental results on the thermal characteristics of TA device: a) Temperature 

profile through the center line over TA device for different power levels at 60sec time interval, 

b) Temperature profile through the center line of TA device as a function of time at 3.7W power 

input, and c) Cooling profile of TA device 

 

5.3.4 Conclusion 

The vibration of plates which is due to the alternating thermal pressure is desirable for 

effective acoustical waves. This can be achieved if the resonance frequency of the vibrating plate 

is exhibiting the first mode shape as it resembles a piston-like parallel motion. In order to 

achieve this motion, spacers with different widths were integrated in the device in order to 

change the boundary conditions from CCCC to SSSS. By having SSSS, higher quality factor and 

larger velocities could be obtained which are directly proportional to the acoustic power out. A 

detailed vibrational study has been conducted on these devices and the results have been 

presented in this dissertation. Moreover, the thermal dependence as a function of both power and 

time has been investigated. Even through the work on the CNT thermo-acoustic sonar is 

preliminary, the study has demonstrated the capabilities of these devices to produce sound. 
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6 Chapter 6 –Conclusions and Future Studies 

6.1 Summary and Conclusion 
This work has resulted in technological advances that will facilitate the development of 

an intelligent healthcare environment. The focus areas of the research were locomotion 

mechanisms for wireless capsule endoscopes, multifunctional image guided surgical platform 

(MIGS), miniature shape memory alloy heat engine for powering wireless sensor nodes and 

thermo acoustic projectors using CNT sheets. Two different categories of locomotion 

mechanisms for WCEs were developed, legged and body type, both influenced by the traveling 

wave phenomenon. Chapters 2 and 3, described the locomotion mechanism and details of the 

study conducted on the characterization of the L-Shape and U-Shape piezoelectric actuators used 

in the legged type mechanisms. In-depth theoretical analysis was conducted on the L-Shape 

piezoelectric motor that also applied towards the U-Shape piezoelectric motor. The theoretical 

analysis guided the experimental work and the results were used to validate the distributed 

parameter and FEM models. The characterization of the L-Shape and U-Shape piezoelectric 

motor was conducted in terms of the torques, velocities and efficiencies. Lastly, the actuators 

were integrated in a pattern that represented the first step towards the development of a legged 

locomotion mechanism for WCEs. Millipede-inspired crawling robots whose leg motion exhibits 

propagating wave motion were developed and the locomotion characteristics were quantified. 

The study presented the potential for the milibots to be used in the future locomotion 

mechanisms for medical applications. Besides the legged type locomotion mechanism, non-

legged type locomotion mechanism was also pursued and details were discussed in Chapter 4. 

Chapter 4 included the fundamental analysis on the development of a novel WCE propulsion 

mechanism that utilizes the traveling wave phenomenon. By inducing traveling waves onto a 

beam structure, a concept for a future WCEs design was developed. In this dissertation, study on 

the free-free beam was used as a model to understand the traveling wave formation and their 

classifications. A theoretical study using distributed parameter model was conducted along with 

the experimental validation that provides insight in the dynamics of the traveling waves on a 

free-free beam. 

Chapter 5 provides the description of the other critical components required for the 

implementation of the intelligent health care environment. These components include the MIGS 



153 

 

platform, the thermal energy harvester and the thermo-acoustic sonars. The MIGS platform 

required the scanning and positioning stage that had desired resolution, scanning velocities and 

dimensions. In order to meet the requirements of the three axis scanning and positioning stage, a 

novel design was developed that utilized only two actuators to achieve the three axis positioning. 

The capability of the stage was demonstrated by developing a scanning system that created the 

high precision patterns. Energy harvesting capabilities are required for powering the sensor 

nodes that are embedded in the nursing room. These sensors provide important feedback for the 

automation control algorithms. A miniature shape memory alloy heat engine was proposed and 

developed for powering the wireless sensor nodes since hot water pipes are part of the 

infrastructure. It was demonstrated that the harvester can wirelessly power a temperature sensor 

node. Lastly, a thermo-acoustic device was developed with the potential to be used as a 

communication element between the implantable sensors. Two parameters: vibration and 

temperature play an important role in maturing the acoustics. Correspondingly vibration and 

thermal studies were conducted in order to characterize the device and establish a baseline for 

future design of CNT inspired thermo-acoustic sonars.  

    

6.2 Future Studies  

Legged locomotion mechanism –L-Shape or U-Shape based locomotion mechanisms 

require miniaturization of the actuators in order to fit on the capsule size platform. Since a 

detailed theoretical and parametric study has already been conducted and the vibrational 

characteristics and geometrical requirement are already known, the next step would be to 

develop fabrication approaches for miniature piezoelectric bimorphs and their assembly within 

the given fixture. One question that remains open is whether the legged mechanism can anchor 

itself inside the GI tract in order to resist the peristaltic force. 

The inside of the GI tract from the esophagus to the rectum represents a very challenging 

area in terms of maneuverability. The channels vary in size and shape across the length. Further, 

surface roughness, elasticity and softness also vary along the length. The difficulty in having a 

generic solution for a WCE lies in anchoring of the device to a particular section inside the GI 

tract. Internally guided capsules using crawling motion to propel through the GI tract have not 

had much success with the exception of one particular study reported in Ref. [44],[43]. In that 

study, authors were able to integrate the Gecko inspired technology of dry micro patterned 
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adhesives to the legs of a wireless capsule. Because of the presence of the micro patterned 

adhesives, the authors were able to demonstrate anchoring capabilities on porcine small 

intestines.  

An alternative approach to the previously mentioned anchoring mechanism was also 

explored and this method can be integrated directly onto the legs of the WCE robot. It works on 

the same principle as a common syringe.Figure 6.1 shows an illustration of a syringe that is used 

to create suction and lift an object. Through small volume change inside the tube a vacuum is 

created that is strong enough to hold the piece of Dragon skin. Similar idea can be used on a 

small scale where multiple syringes like elements are integrated onto the WCE robot presented in 

this dissertation, Figure 6.2. They can be used to grab onto the walls of the GI tract through 

suction. Since the development of the robot is on a millimeter scale, these suction elements will 

be developed using MEMS fabrication procedures. As illustrated in the figure, the plunger will 

be moved by a piezoelectric element with the indicated clamping conditions. When voltage is 

applied to the piezoelectric element, strain is generated which pulls the plunger upward, as 

shown in the figure. This motion contributes to a volume change inside the tube which translates 

to a vacuum being created at an instant when the legs of the WCE are in contact with the walls of 

the GI tract. Having generated suction, higher friction between the legs of the robot and the GI 

tract walls can be achieved which will normally happen if the piezoelectric element is actuated in 

correlation with the L-Shaped piezoelectric motor. As long as voltage is being supplied to the 

piezoelectric element, the vacuum will be present and the capsule will remain anchored. When 

compared to other methods, suction can potentially create an efficient, coordinated and safe way 

to anchor the capsule without scarring the GI lumen. 

 

Figure 6.1 Suction mechanism: (a) Initial state, (b) Suction 



155 

 

 

Figure 6.2 Design of a L-Shape actuator driven capsule with a suction mechanism 

In case of the legged locomotion mechanisms (Chapters 2,3), the main challenge is to 

truly understand the biology behind the millipedes and/or centipedes and use that as advantage in 

development of a future locomotion mechanism for WCE. Understanding the muscle activity and 

corresponding motion of the millipede tentacles is a promising approach towards achieving this 

goal. Once the muscle activity is understood, actuators can be developed and implemented onto a 

locomotion mechanism. 

Traveling wave (TW) inspired locomotion mechanism: Since the guideline for TW 

generation has already been established and detailed work on TW characterization has been 

achieved (Chapter 4), moving forward with a cylindrical design requires only reusing the 

existing FEM model with appropriate parameters. An experimental setup similar to the one 

shown in Chapter 4 can be used to validate the results. One question that might arise is whether 

the deflection of the structure as the traveling waves propagate is sufficient to achieve propulsion 

inside the GI tract. 

Utilizing the already developed modeling technique developed both through FEM and 

distributed parameter, it is possible to conduct parametric study based on the geometrical 

constraints and material properties. Correspondingly, low thickness, high flexibility material will 

allow larger amplitudes. Moreover, the velocity of the capsule is highly dependent on the 

frequency of excitation, where higher the frequency higher is the velocity. This is because the 

traveling wave generated at higher frequencies results with larger contact surface areas which 

contributes towards faster motion.  

Since steering inside the GI tract is desired capability and it can allow camera to focus on 

to specific areas of interest, the concept of the WCE presented in Chapter 4, would need to be 

modified. The concept described in Figure 4.2, uses piezoelectric disks placed at both ends of the 

cylinder. Due to the radial straining of the piezoelectric disks, equal force is distributed along the 
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circumference of the cylinder. This would correspondingly generate traveling waves with equal 

amplitudes around the circumference and thus allow propulsion in either forward or reverse 

direction. A prototype of the concept has already been developed and tests are going to be 

conducted in immediate future. Shown in Figure 6.3 are experimental prototypes of the 

locomotion mechanism. Preliminary results on the free-free beam have indicated propulsion 

using the TW phenomenon. The piezoelectric beam in Figure 6.3 (a) was excited at a frequency 

which was between two natural frequencies with a phase difference of 90°. The result was 

forward propulsion with velocities ≈5cm/s without any optimization of the contact surface 

interaction, geometry and/or material properties of the beam. In future studies, similar analysis to 

the one conducted and presented here will be obtained for a cylinder shape device 

(30mmx12mm).  

 

 

Figure 6.3 Prototypes of traveling wave inspired locomotion mechanisms: (a) free-free beam, (b) 

wireless capsule endoscope 

 In order to achieve steering, a slightly different version of the WCE design is necessary. 

The concept described in Figure 6.4 shows that instead of piezoelectric disks, piezo patches 

positioned along the circumference of the WCE will produce traveling waves if actuated 

according to the guidelines specified in Chapter 4. Micro fiber composite (MFC) patches can be 

used as actuation elements due to their flexibility and large strain output compared to traditional 

ceramic PZTs. It should be noted that there are two sets of four piezoelectric elements. Each set 

is located at one end of the cylinder, where the patches are evenly distributed around the 

circumference of the cylinder. As the piezoelectric elements are actuated, the strain is transferred 

to the capsule shell, and by following specific excitation sequence, a traveling wave is generated. 

Steering for this concept can be achieved by simply delivering higher voltage potential to one set 

of piezoelectric elements over the others. This is because control over the traveling waves along 
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the cylinder can be obtained through selective frequency and voltage inputs to individual piezo 

elements.  

  

 

Figure 6.4 Alternative concept of the one presented in Figure 4.2, Chapter 4.  

Multifunctional Image Guided Surgical Platform (Chapter 5.1) - The initial 

requirements for the development of a high precision platform with resolution<5μm, velocities 

greater than 40mm/s and scanning area in the range of 10x10x10mm were rather challenging 

tasks. There are many three axis scanning and positioning stages on the market that can meet 

these requirement, nevertheless their size is simply too large for the intended applications. 

Accordingly, as described in Chapter 5.1, platform that met all the requirements was developed 

from a concept and 3-d design in NX Unigraphics, to fully operational prototype. The size of the 

device even though very competitive, when compared to commercial products, still requires 

scaling. With the development of the L-Shape and U-Shape piezoelectric actuators and the 

traveling wave inspired mechanisms, the potential to bring the size down while meeting all the 

key requirements is quite possible. 

One important task that remains unsolved and is the first immediate future step for the 

scanning stage is conducting tests on biological tissue. So far only a mock-up OCT probe has 
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been used to validate the operational characteristics of the platform. Testing will be conducted 

once the OCT probe and the laser scalpel are fully developed and operational (Collaborators 

from University of Texas – Arlington are addressing these aspects). By simply placing the OCT 

and laser scalpel at the designated place on the three axis scanning and positioning stage 

presented in Chapter 5.1 and controlling the motion of the stage (already accomplished), 3-D 

image of the tissue topography will be identified. This remaining test will complete the MIGS 

device and demonstrate the capability and advantages of this ex-vivo imaging medical 

technology.  

Thermal energy harvester (Chapter 5.2) has demonstrated the capability to extract heat 

and generate enough electrical energy to power the wireless sensor node. Nevertheless the 

demand for power is much greater than a single sensor. As discussed in Chapter 1, wireless 

sensor networks are going to become essential in intelligent health care environment. Numerous 

networks will be required to provide the continuous monitoring of the medical environment, and 

this will require significant amounts of power. As a result there are few future steps that are 

necessary to be investigated before the thermal energy harvester can be integrated in hospitals.  

The first step towards this objective is identifying the strain/force relationship of market 

available SMA wires and their integration onto a pulley design. Understanding the kinematics of 

the pulley design as a function of force and strain is the first step in optimization of the SMA 

energy harvester. The more challenging aspect is creating a model that will take into account the 

thermal input, which is required to strain the SMA wire and correspondingly actuate the pulley 

mechanism. In trying to determine how temperature affects the system and how much heat is 

actually required for the system to operate, efficiency of the system can be calculated. This 

approach will require a coupled thermo-mechanical model of the shape memory alloy which 

needs to be addressed. The study presented in Chapter 5.2 demonstrated the capability of the 

energy harvesting device for water as a source of heat. An alternative and a more realistic 

application is to have the harvester attached directly to a hot water pipe from which it will absorb 

the wasted heat and convert it to electrical energy. Achieving actuation of the SMA mechanism 

through solid-solid conduction has already been achieved in the lab. Nevertheless, 

characterization of the system for its performance in terms of velocity, temperature and power 

generation needs to be next pursued. It is important that a heat transfer conduction model is 

developed in order to assist with the future design. The results for the SMA thermal engine 
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presented in Chapter 5.2 used a micro-electrical generator which was not optimized for the 

velocity at which the pulley mechanism operated. In the case of the micro-generator the 

operation velocities could go up to 4000 rev/min. At this rotational velocity, the power generated 

by the generator was 257mW, while at only 400RPM this power was as low as 1.7mW.  

In order to increase the power output by the thermal generator, the velocity at which the 

generator turns has to increase. Correspondingly, planetary gear set, with appropriate gear ratio 

can be integrated to achieve such speeds. Since increase in velocity through gear train requires 

higher torque, multiple SMA wires can be integrated onto the pulley mechanism, which will 

contribute towards this objective. Finally, improving the capabilities of the SMA wire can also 

be achieved, and its temperature dependence fixed accordingly.  For an equiatomic Ni-Ti alloy, 

replacing nickel with 10 at% copper reduces the thermal hysteresis by 50% or more, [125]. For 

Ni- Ti alloys with nickel content greater than 50 at%, transition temperature decreases linearly at 

a rate of 100 °C/Ni at%. What this means is that, if Cu is added, than the hysteresis loop of the 

SMA wire will reduce or increase and respectively will make the actuation response of the SMA 

either faster or slower, respectively. On the other side if the Ni content is greater than the phase 

temperature of the SMA reduces and correspondingly the operation temperature drops, which 

will allow the system to run not only at temperatures around 70°C, but much lower temperatures 

as well.   

 

Figure 6.5 Altering the properties of SMA in order to change the dynamics of the system 

 

Thermo-acoustic projectors-In future the CNT thermo-acoustic sonar can further be 

miniaturized in order to be implanted inside the body and act as a communication device 

between sensors. Accordingly, it is first necessary that acoustic wave propagation through human 

body and/or human body to outside body environment is addressed and understood. Some 
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immediate steps scheduled to take place near future is further testing and characterization of the 

CNT projector in water environment. Since the pressure increases with water depth, loading 

effects will have an impact on the response of the device. This will affect both the resonance 

frequency of the system as well as sound propagation. That is why it is important that both 

theoretical and experimental model of the CNT is generated and validated. Accordingly, 

measurement of sound pressure underwater at different depths (0-2m) in a water tank at the 

BMDL lab at Virginia Tech will be conducted. Both the loading effect for different plate 

thicknesses: the frequency shift and quality factor under water will be measured.  The tests will 

be conducted at different power levels. Laser scanning vibrometer similar to the setup presented 

in Chapter 5.3 will be used in order to obtain the response of the system (velocity). 

Particle Image Velicometry (PIV) and Particle Image Thermography (PIT) will be 

performed in air in order to understand the dynamics of the argon particles (medium of enclosed 

CNT sheets) as a function of the thermal pressure generated. Knowing this, better understanding 

of the thermal characteristics of the projector will be established, which will contribute to a more 

compliant, higher efficient device.  Once this is achieved an equivalent circuit model, which will 

couple the electrical, thermal and mechanical theoretical models will be established in order to 

represent the complete CNT projector. This will be achieved after developing individual, 

thermal, electrical and mechanical models.  

Finally, one area worth investigating would be to use the thermo-acoustic speakers as a 

replacement to the piezoelectric disks in the traveling wave inspired WCE (Chapter 4). Due to 

the thermal  vibration sound capability of the thermo acoustic device, the potential to 

generate traveling waves through the body of the capsule while emitting sound is definitely 

possible. 
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A Appendix A. Remote light energy harvesting and actuation 

using shape memory alloy – piezoelectric hybrid transducer
5
 

Shape Memory Alloys (SMAs) exhibit memory effect which causes the alloy to return to its 

original shape when heated beyond the transformation temperature. In this study, it is shown that 

SMA can be heated remotely by laser and the resulting deformation can be converted into 

electricity through piezoelectric bimorph. In addition, the laser actuated SMA deformation can 

also be used to provide controlled actuation. Experimental results were provided demonstrating 

both the power harvesting and actuation behavior as a function of laser pulse rate. SMA used in 

this study exhibited higher absorption in the ultra violet region which progressively decreased as 

the absorption wavelength increased. Raman analysis revealed TiO2 formation on the surface of 

SMA, whose concentration increased irreversibly with temperature. Negligible changes in the 

surface oxidation were detected in the working temperature range (<150 
o
C).  

 

A.1 Introduction 
Shape Memory Alloys (SMAs) have the ability to recover their shape when heated that 

results in transformation from the martensite to austenite phase. The work conducted by the 

SMA during transformation upon heating has been utilized in many actuators and sensing 

applications including robotics, aircraft wing morphing, medical devices etc.[112, 113, 115, 116, 

128-130]. Conventionally, heating of SMAs has been achieved by resistive joule heating. 

However, this method could be cumbersome in certain actuation applications as it requires 

extensive wiring and electronics to achieve the nonlinear control of deformation. In applications 

where large power supplies cannot be incorporated on-board, the requirement of high current 

flow becomes a limitation for SMA. An effective alternative to resistive heating will be a non-

contact method such as a light beam to heat the SMA. The light intensity and wavelength can be 

tailored from a remote location to modulate the temperature distribution and hence actuation 

characteristics of SMA. In this study a description of a breakthrough in this direction as well as 

laser actuation characterization of SMA is provided. A limited number of studies on laser 

                                                 
5
 Some of the work discussed in Appendix A was published in IOP Smart Materials and Structures. The citation is 

below: 

 Avirovik, D., Kumar, A., Bodnar, R. J., Priya S., "Remote light energy harvesting and actuation using shape 

memory alloy—piezoelectric hybrid transducer," Smart Materials and Structures, 22, 052001, (2013) 

http://iopscience.iop.org/0964-1726/22/5/052001/pdf/0964-1726_22_5_052001.pdf
http://iopscience.iop.org/0964-1726/22/5/052001/pdf/0964-1726_22_5_052001.pdf
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actuated SMA have been reported in literature,[46, 131] and none have proposed the structure 

that couples SMA with piezoelectric bimorph in a hybrid configuration. This hybrid 

configuration opens the possibility of designing remote light energy harvesting and actuation 

systems.  

A.2  Design concept and experimental setup 
Presented in Figure A.1  (a) is a schematic description of the remote light energy 

harvesting and actuation hybrid system. It is composed of a piezoelectric bimorph in cantilever 

beam configuration, SMA wire attached to the beam at three different locations, and a laser. 

Depending on the attachment location, the response of the system was found to vary. Figure A.1  

(b) and (c) illustrate three distinct relationships used to characterize the system. The typical 

hysteresis loop (Figure A.1 (b)) describes the relationship between strain and temperature, where 

temperature is a function of time over which the wire was exposed to laser light. As the 

temperature of the SMA wire increases, strain in the SMA is generated and consequently 

transferred to the piezoelectric bimorph. This transfer of energy can be seen through the time 

dependent displacement plot (Figure A.1 (c)). The deflection of the piezoelectric bimorph results 

in generation of electrical charge which can be harvested and stored. 

 

Figure A.1  Schematic representation of system: (a) Piezoelectric bimorph in a cantilever beam 

configuration in non-deformed and deformed shape as a result of SMA wire actuation, (b) 

Hysteresis loop of SMA, (c) Voltage generated by the piezoelectric bimorph and tip deflection of 

cantilever beam.   
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The hybrid system was characterized using the experimental setup shown in Figure A.2. A 

piezoelectric bimorph (APC International, 40-2030) arranged in a cantilever configuration as 

illustrated in Figure A.1  was coupled with a SMA wire of diameter 100 µm. In order to control 

the pre-load, the SMA wire was directly attached to a load cell (Transducer Techniques, GSO-

100) which was then attached to a positioning stage. As the stage translated, the preload on the 

SMA changed. The input to the system was provided through an 808 nm laser diode. Because the 

laser diode was continuous, a shutter mechanism was constructed to pulse the laser beam 

directed onto the SMA. The following output signals were acquired: temperature of SMA wire 

measured using a K-type thermocouple (Omega Engineering Inc., CHAL-002), force generated 

by SMA wire using the load cell, displacement of piezoelectric bimorph at the tip measured 

using a laser displacement sensor (MTI Instruments, LTC-050-20) and voltage measured across 

varying resistance. All the data were acquired using the adequate modules (NI9219, NI9215, 

NI9211and cRIO9074) and processed in Labview. 

 

Figure A.2 Experimental setup used in this study 

A.3 Hybrid system characterization study 
By focusing the laser beam onto the SMA wire, the direct relationship between temperature 

and displacement, and temperature and force can be achieved. As discussed previously, these 

relationships can be represented by hysteresis loops shown in Figure A.3(a). The data shown in 

this figure correspond to inner hysteresis loops due to the fact that SMA wire was only heated to 
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110°C. If higher temperature along the SMA wire was achieved as well as forced convection 

cooling was applied, the hysteresis loop would have resembled Figure A.1 (b). To note it was 

assumed that only the portion of the wire exposed to the laser beam ( ≈ 50% of the SMA wire 

total length) was at 110°C. The temperature distribution along the remaining portion of the wire 

is dependent on the heat transfer coefficient which was obtained through a lumped capacitance 

model, [132] as shown in Figure A.3(b). The experimental value was compared to the lumped 

capacitance model using the heat transfer equation[133] given by Eq. (B.7): 

  sT  hA T  T /  vc   (B.7) 

where h  is the heat transfer coefficient, sA  is the surface area of the SMA wire, T is the 

temperature of the SMA wire, T  
is the ambient/room temperature,  is the density of the SMA 

wire, v  is volume and c is the heat capacity. In our case, a constant convective heat transfer was 

assumed which simplifies Eq. (1) to Eq. (B.7): 

 ( ) t
iT T T T e 

     (B.7) 

where  iT  is the initial temperature of the SMA wire, t  is time, and   is expressed through Eq. 

(B.7) as: 

 sA h

vc



  (B.7) 

Figure A.3(c) shows the output signals for temperature, tip displacement, voltage and 

load as a function of time. All of the data presented in this figure were obtained at 0.05Hz 

pulsating signal and SMA attachment point at location 1 after eight cycles (Figure A.1  (a)). The 

performance characteristics of SMA are related to the preload, however the performance of our 

system is related to the location where the SMA is attached to the piezoelectric bimorph.  
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Figure A.3 (a) Experimentally obtained hysteresis loops of SMA wire, (b) Experimental and 

numerical model of temperature as a function of time to determine heat transfer coefficient, (c) 

Outputs of the system as a function of time 

Multiple tests were conducted, where the resistance, frequency, preload and SMA 

attachment location were varied. The preload was controlled by adjusting the positioning stage 

and the frequency of actuation by utilizing the shutter mechanism. Figure A.4 shows the 

relationship between RMS power and frequency of actuation for different preload values and 

SMA attachment locations. It was observed that the maximum power, ~0.05μW, was achieved 

for preload of 15-35 gm in the frequency range of 0.6-0.8Hz, while SMA wire was attached at 

location 1 (Figure A.1  (a)).  
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Figure A.4 Power generated by the piezoelectric bimorph as a function of frequency for 

different preloads and SMA attachment locations 

 

Further analysis was performed to characterize the actuation capabilitites of the system. 

Primarily, different pre-loads were used at a frequency of 0.2Hz to determine the highest force 

and deflections (Figure A.5(a)). It can be seen that the highest response appears at preload of 25 

gm. Next, at the optimal preload of 25 gm, tip displacement as a function of force generated by 

the SMA at different frequencies of excitation (Figure A.5(b)) was obtained. It can be observed 

that the performace area decreases with increase in the frequency of excitation. This was 

expected due to the fact that the SMA was not given enough time to lower its temperature and 

therefore not allowing it to go back to its initial state, thus achieving lower displacements and 

force.  
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Figure A.5 Actuation characteristics of system: (a) Tip displacement as a function of different 

preloads, (b) Tip displacement as a function of load at different frequencies of excitation 

A.4 Material analysis and optical properties of SMA wire 
In order to explain the laser actuation of SMA, material analysis was conducted to 

understand the structure, absorbance behavior and surface stability as a function of temperature. 

The SMA wire was characterized using X-ray diffractometer (PANalytical X’Pert, CuKα; 

Philips, Almelo, the Netherlands), 193 nm ArF Excimer laser combined with an inductively 

coupled plasma mass spectrometer (LA-ICPMS; Agilent Technologies 7500cs), UV-Vis-NIR 

spectrophotometer (Hitachi, U4100, Japan) and Raman Spectrometer (JY Horbia LabRam HR 

800, Horiba Ltd., Japan). Figure A.6(a) shows X-ray diffraction patterns of as-received and 

annealed (600
o
C for 2 h) SMA wire. On annealing, the peak at 2θ = 44.0

o
 becomes narrower and 

shifts towards lower Bragg angle (2θ = 42.7
o
), indicating increased crystallization. These 

patterns correspond to cubic crystal structure of NiTi (space group Pm3m, Z = 1; JCPDS # 19-

0850). The elemental analysis of the wire conducted using LA-ICPMS system revealed the 

presence of Ti and Ni as the major elements, with the amounts as 44.22 and 54.75 wt%, 

respectively, with 0.01 wt% each of Al, Cr and Fe as trace elements. The data collected from six 

different regions exhibited negligible variation in composition. The atomic proportions of Ti:Ni 

in the SMA wire is 51:49, with traces of Al, Cr and Fe. Figure A.6(b) shows the UV-Vis-NIR 

absorbance of the SMA. It can be seen that highest absorbance occurs in the UV region, and 

absorbance decreases as the absorption wavelength increases.  
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The average input power to the SMA will depend on the product of absorbance, diameter of the 

wire, diameter of the laser beam and average output power from the laser. The parameters other 

than the absorbance are invariables, and therefore the temperature rise is expected to be 

proportional to the absorbance. Also, it is know that if shining the SMA with the laser 

wavelength of λ the surface reflection coefficient r can be represented as:   

        /  r n n  1 1  (B.8) 

where n, the refractive index can be defined as n = √ɛ, and using Drude model ɛ is expressed as 

below: 

  2 2

p  1  /  i        (B.9) 

where plasma frequency (ωp) and collision frequency ωτ are given as ωp
2
  = nee

2
/mɛo and ωτ = 

nee
2
/mσ(T), respectively; ne ~ 3.1x10

23
 cm

-3
 for bulk Ni-Ti alloy and σ(T) (room temperature 

values being ~0.5x10
-6

 Ωm) is temperature dependent conductivity[134, 135] and m is effective 

mass of electron. Using energy conservation, the flux (Fd) in SMA can be expressed as: 

     d oF r I 
2

1  (B.10) 

where Io is the laser irradiance. For the frequency ωτ ≤ ω ≤ ωp, i.e., 0.124 µm  ≤ λ ≤ 88.369 µm, 

the Drude models gives the flux (Fd) as: Fd ~  2ωτIo /ωp. This indicates that same temperature rise 

(Tm) can be achieved at varying laser wavelengths; the only difference will be in the rise time.  

             In Figure A.6(c), Raman spectrum of a fresh cross-section of SMA wire show a 

characteristic air band in low wavenumber range[136]
4
. No other bands were observed in the 

fresh cross-section of the SMA wire. However, as-received SMA wire exhibits Raman bands at 

238, 446 and 613 cm
-1

. These correspond to Ti-O related Raman modes and reflect formation of 

TiO2 as a result of oxidation of the metal. The heat of formation of TiO2 and NiO are given as 

follows [137]: 

            Ti s O g TiO kJ mol   1

2 2 956  (B.11) 

             Ni s O g NiO kJ mol   1

2 241  (B.12) 

          The heat of formation of TiO2 is about four times higher than that of NiO. For this reason 

chemisorption of oxygen mainly takes place on Ti sites. On heating the SMA wire, the TiO2 
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bands become progressively more intense with increasing temperature, and these bands become 

even stronger on subsequent cooling (Figure A.6(d)). However, negligible change is observed 

below 150
 o
C. 

 
Figure A.6  (a) X-ray diffraction pattern, (b) absorbance, and (c) and (d) Raman spectra of the 

SMA 

A.5 Conclusion 
In conclusion, a novel system for remote energy harvesting and actuation by coupling 

SMA with a piezoelectric element was developed. The non-contact actuation of the SMA was 

accomplished by heating with a laser located at a remote location. Experimental analysis of the 

hybrid system was conducted to obtain: force, deflection, voltage and temperature. Material 

characterization on the SMA wire was conducted to determine optical properties of the wire, as 

well as the effect of heating on the composition of the wire. 
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