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Robotic mobility within the gastrointestinal (GI) tract is an intriguing concept, which has received

wide attention from within the research community over the past ten years. Capsule endoscopes (CEs) exist

commercially, but lack an active mobility system, rendering them as passive devices. These passive devices

are only capable of observational procedures, and are limited by the passive speed (dependent on intestinal

peristalsis), inability to control orientation, and vulnerability to retention, requiring surgical removal in

severe cases. Additionally, passive capsules take photos throughout their journey, resulting in a compilation

of thousands of images, which can take the attending physician hours to review.

Due to these drawbacks, traditional endoscopes remain as the most popular intervention for GI related

procedures. A traditional endoscope consists of a long flexible tube with a camera on the end of it. The

tube usually has ports for tools, insufflation and irrigation. A user interface is located on the operator end

of the scope, and can be manipulated to steer the tip of the scope. The scope is inserted through the oral or

rectal orifice and is advanced by pushing the scope. As the scope is pushed, frictional forces can accumulate,

resulting in advancement of the body of scope without advancement of the tip, termed looping. Looping

results in distention of the bowel wall, pain for the patient and in rare cases perforation.

A robotic capsule endoscope (RCE) for oral endoscopies or robotic capsule colonoscope (RCC) for

rectal colonoscopies is a capsular device (tethered or non-tethered) that propels itself through the GI tract.

Self-propulsion could result in less looping, less pain for the patient, more ergonomic operation for the

physician, control over capsule position and orientation, and the addition of diagnostic and therapeutic tools

over existing passive CEs.

This work focuses on the contact mechanics of robot-tissue interaction in the GI tract with the

goal of furthering the understanding of the physical problem so that more efficient and optimized mobility

systems may be designed for RCEs and RCCs. This work also focuses on the design of an RCC which

uses micro-patterned polydimethylsiloxane (PDMS) treads as a mobility method. The thesis is divided
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into nine chapters. Chapter 1 provides an overview of capsule and flexible endoscope technology as it

relates to screening, diagnostics and therapy. A thorough overview of existing mobility methods (both

commercial and experimental) for RCEs is also presented along with a background on micro-patterning

for friction enhancement. Chapter 2 presents the qualitative analysis of micro-patterned treads through

the development and in vivo testing of a series of two-wheeled robots as well as a testing apparatus for

quantitatively evaluating micro-patterned robotic wheels in a static environment. Chapter 3 presents the

development of a novel testing apparatus for evaluating robotic wheels in a dynamic environment, and results

from data collected using the apparatus. The results from this device suggested that an automated dynamic

testing environment would be necessary for deeper understanding of robot-tissue interaction. Chapter 4

presents the development of an automated traction measurement (ATM) platform for evaluation of robotic

wheels on synthetic or biological tissue substrates as a function of normal force, rotational velocity and

linear velocity. An empirical model for predicting traction force was also developed and validated using data

collected from the ATM platform. Chapter 5 presents a study on the relationship between substrate height

(i.e., stiffness), robot wheel tread pillar diameter, and the resulting generated traction force using the ATM

platform for experimental collection and finite element modeling for validation. Chapter 6 presents the design

and in vivo testing of an RCC which utilizes micro-patterned treads as a mobility method. The tethered

prototype featured an onboard camera, and white and infrared (IR) light sources. Chapter 7 presents the

development and experimental validation of an analytical model for predicting the drag force necessary to

move a cylindrical capsule endoscope through the GI tract. Chapters 8 and 9 address discussion, conclusions

and future work.

The work in this thesis has advanced the understanding of the contact mechanics for robot-tissue

interface, especially pertaining to micro-patterned surfaces, and has resulted in several tools, both hardware

and software, for measuring and modeling traction and drag force for capsule endoscope mobility methods.

Additionally, this work has resulted in a novel RCC design prototype, which has the potential to evolve into

a clinically viable device.
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Chapter 1

Introduction

The focus of this work is around the experimental analysis, analytical modeling, and finite element

modeling of the in vivo interaction between a robotic mobility system and tissue, specifically in the gastroin-

testinal (GI) tract. The work involves a combination of tissue mechanics, mechanical design, and contact

mechanics. The document is organized into 6 solid chapters. Chapter 1 presents a background on flexible and

capsule endoscopy for screening, diagnosis and treatment as well as a background on micro-patterning for

friction enhancement. Chapter 2 presents the development of a series of two-wheeled robots for qualitatively

evaluating micro-patterned treads and the results from an in vivo trial. Chapter 2 also presents the develop-

ment of a testing apparatus for evaluating micro-patterned robotic wheels in a static environment, and the

results from several experiments including the effects of micro-pattern shape on tread performance. A finite

element analysis is presented with the experimental results. Chapter 3 presents the design of a testing appa-

ratus for evaluating micro-patterned robotic wheels in a dynamic environment as an improvement over the

device presented in Chapter 2. Chapter 4 presents the design of an automated traction measurement (ATM)

platform for evaluating micro-patterned wheels in a dynamic environment, along with the development of

an empirical model for predicting traction force. Chapter 5 presents a study on the relationship between

synthetic substrate height, wheel tread pillar diameter and generated traction force. Chapter 6 presents the

design and in vivo evaluation of a robotic capsule colonoscope (RCC) which uses micro-patterned treads

for mobility. Chapter 7 presents the development and experimental validation of an analytical model for

predicting the drag force necessary to move a capsule endoscope in the gastrointestinal (GI) tract. Chapter

8 discusses conclusions and a recommendation for future work.
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1.1 Background

1.1.1 History of GI endoscopy

In 1868, G. Wolf and R. Schindler pioneered methodologies for inspecting the mucosa of the GI tract

with semi-flexible endoscopes, paving the way to the advent of endoscopic procedures. Today, endoscopic

technologies can be grouped into two categories: traditional flexible endoscopy, and wireless capsule en-

doscopy (WCE). Flexible scopes are considered the standard endoscopic tool, however in the past decade,

several systems have been developed that have incorporated robotic control into the scopes. Traditional

endoscopic techniques enable effective and reliable operation through different segments of the GI tract,

i.e., esophagus, stomach, large bowel or colon and part of the small bowel, with diagnostic, therapeutic and

surgical capabilities. Flexible endoscopes, which are introduced into the oral or rectal orifices, consist of a

steerable tip that orients the device toward the regions of interest. The rigidity of the instrument, due to

the actuation mechanism and its diameter (11-13 mm for a standard colonoscope), results in limited acces-

sibility and can increase the chances of traumatic endoscopic procedures and poor toleration by patients.

Pain or problems with sedation make patients quite reluctant to undergo endoscopy and consistently limits

the pervasiveness of a potential mass screening campaign. On the other hand, only mass screening could

lead patients to periodically undergo endoscopy with the benefit of discovering and treating asymptomatic

pathologies. A further medical drawback of flexible endoscopy is that certain areas of the GI tract cannot

be reached, such as most of the small bowel.

In the past decade, capsule endoscopes (CEs) have become clinically available. Capsule endoscopy can

be considered an example of a revolutionary technology since it represents an appealing alternative to tra-

ditional flexible scopes. This technology enables inspection of the digestive system with minimal discomfort

for the patient or the need for sedation, thus mitigating the risks of conventional endoscopy, and potentially

encouraging patients to undergo GI tract examinations. However, currently available clinical capsules are

passive devices whose locomotion is driven by natural peristalsis, with drawbacks including failure to capture

images of important GI tract regions, and lack of therapeutic and diagnostic capabilities, primarily due to

the inability to control capsule position and orientation. To address these limitations, many research groups
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are working to develop active locomotion devices that allow capsule endoscopy to be performed in a com-

pletely controlled manner. This would enable the doctor to steer the capsule towards interesting pathological

areas and to accomplish medical tasks, such as screening, diagnosis (e.g., biopsy) and therapy (e.g., drug

delivery, suturing). This review presents a research update on robotic endoscopic systems, including both

flexible scope and capsule technologies, detailing the actuation methods and innovative treatment capabil-

ities. The chapter also offers a 5-year future perspective on endoscope potential for screening, diagnostic,

and therapeutic GI procedures.

1.1.2 Medical needs and clinical aspects

The ability to inspect and treat the entire GI tract with high quality diagnosis, controllability and

therapy using a single device and procedure is a prominent need for gastroenterologists. The addition of

the endoscope to the physician’s toolbox has improved diagnostic and therapeutic capabilities, and therefore

patient outcome in GI related pathologies. Medical needs that have been met by the advent of endoscopes can

be broken into three categories: screening (i.e., visualization or exploration), diagnostics, and therapeutics.

Prior to endoscopes, the GI tract could not be inspected beyond what the clinician could see from the orifice.

Endoscopes made visualization of the majority of the GI tract (except for a section of small bowel) possible,

and with the recent advent of CEs, screening of the entire GI tract is now feasible. Flexible endoscopes are

also a valuable tool for diagnosing GI pathologies. In addition to visual diagnoses, tools can be positioned

and manipulated at the end of the scope through an operating channel to perform surgical tasks (e.g., obtain

biopsies). Prior to endoscopes, clinicians relied on patient symptoms (e.g., pain, discharge, bleeding, etc.)

or invasive (i.e., open) exploratory procedures and biopsy methods to reach a definitive diagnosis for many

GI pathologies. Flexible endoscopes, in combination with tools inserted through the operating channel, are

capable of providing therapeutic treatment for GI pathologies. Flexible endoscopes can be used to repair

(e.g., perforations), treat (e.g., foreign body removal and drug delivery), or perform preventative care (e.g.,

precancerous polyp removal) in the GI tract.

One obstacle for all GI endoscopic technology is bowel preparation. Bowel preparation involves ingest-

ing oral solutions (usually polyethylene glycol) to evacuate the bowel. Bowel preparation is often described
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by patients as the worst part of a colonoscopy. Presently, there are no clinically viable options to bypass

bowel preparation, however, there are several methods in development. The ClearPathTM system is a sup-

plemental device for colonoscopy, featuring two channels, one for irrigation and one for suction [1]. Early

animal trials of the system has shown effective cleaning with no immediate mucosal damage or adverse ef-

fects, however, the system increases the diameter of the colonoscope by 6 mm. Alternatively, a soft-tipped

catheter device for cleaning the bowel has been developed by Medjet Ltd. (Tel Aviv, Israel), and employs

a supersonic two-phase jet of saline solution and CO2 micro-droplets to break apart and clear bowel debris,

which can then be suctioned through the operating channel of the endoscope [2]. Both of these solutions

require traditional flexible endoscopes with operating channels and neither have moved into clinical practice.

1.1.3 Medical instruments and engineering solutions

GI endoscopes have evolved since their invention, and currently take two primary forms: traditional

flexible scopes, and capsules. Traditional flexible endoscopes are usually comprised of two main modules: the

shaft and the control module. The shaft is flexible and contains channels for operating tools, control cables,

irrigation and insufflation. The control module is external to the patient and proximal to the clinician, and

contains controls for tip steering, insufflation, irrigation, and image adjustment. As suggested by Ciuti et

al. [3], CEs can be comprised of several modules; vision, power, localization, telemetry, locomotion, and

diagnosis and tissue manipulation. This chapter mainly focuses on methods of locomotion, diagnostics and

therapy.

Since a primary purpose of GI endoscopy is to visualize the GI tract, all endoscopes must feature an

imaging system. Some traditional flexible endoscopes utilize coherent fiber optic bundles to transfer high

quality images from the scope tip and non-coherent fiber optic bundles to transfer light from a light source

(either xenon or light-emitting diode (LED)) to the scope tip for illumination. Other flexible endoscopes,

as well as most CEs, utilize local solid-state imaging systems (usually a charge-coupled device (CCD) or

complementary metal-oxide semiconductor (CMOS)) for visualization and LEDs for illumination. Since the

GI tract is long and narrow, and therefore cannot be visualized all at once, endoscopes must also be actuated

through the tract. Actuation methods can be basic, such as passive or manual locomotion, or advanced,
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such as electric, hydraulic, pneumatic, or magnetic locomotion. A third, but not required, feature is the

ability to actively steer the endoscope. Traditional flexible endoscopes utilize cables, which run the length

of the scope and are controlled by a knob on the handle, to manipulate the tip for steering. Principles of

locomotion and steering techniques (where applicable) for both flexible scopes and capsules will be reviewed

in detail in the following sections of Chapter 1.

Diagnosis and therapy are secondary purposes of GI endoscopy, beyond the primary purpose of con-

trolled visualization. There have been many clever engineering solutions for GI endoscopes to enable diagnosis

and therapy. Recent innovative solutions for diagnosis and therapy, focusing on capsule endoscopy, will be

reviewed in detail in the second part of Chapter 1.

1.2 Actuation means: principles for locomotion

The GI tract is a long and narrow lumen with only two natural access points, the mouth (at the start

of the GI tract) and the anus (at the end of the GI tract). In order to access the majority of the GI tract, an

endoscope must enter through either access point and be advanced, or actuated, to the point of interest. As

such, endoscopes need to have an actuation means. For the purposes of this review, the actuation means have

been divided into two broad principles of locomotion: passive and active. Furthermore, active locomotion

principles have been divided into five actuation subcategories, based on the mechanism used:

• hands-on manual

• electric

• hydraulic/pneumatic

• magnetic/electromagnetic

• hybrid

Each locomotion principle will be reviewed, where applicable, with respect to traditional flexible endoscopes

and CEs.
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1.2.1 Passive locomotion

Passive locomotion only applies to CEs. Until the first FDA (Food and Drug Administration) approved

capsule endoscope (CE) in 2001, all flexible endoscopes required active locomotion. Many CEs depend

on passive locomotion for actuation. Passive locomotion is caused by the migrating myoelectric complex

(MMC), which helps trigger peristaltic waves. Peristaltic waves facilitate transportation of indigestible

objects through the GI tract. Due to the reliance on peristalsis for locomotion, a passive CE always travels

aborally, and is either ingested orally or placed in the stomach or small intestines using a capsule delivery

device (e.g., AdvanCE, US Endoscopy, Mentor, OH, USA) for patients unable to swallow or pass the capsule

through the pylorus.

Given Imaging Ltd. was the first company to bring capsule technology to market, with the PillCam

SB (originally named M2A). The PillCam SB, and its successors, SB2 and SB3, all received FDA approval

in 2001, 2007 and 2013, respectively. The PillCam SB series was designed for use in the small bowel. Given

Imaging boasts a 30% increase (0.07 mm versus 0.1 mm smallest detectable object) in image resolution of

the SB3 over the SB2, attributing the increase to an improved optics system and a new CMOS image sensor

with increased pixel resolution [4]. Additionally, Given Imaging claims that the SB 3 is 40% more efficient

than the SB2 due to the combination of adaptive frame rate technology and an improved video processing

engine [4]. Adaptive frame rate detects the speed of the SB3 and increases image acquisition from 2 fps to

6 fps (exactly 1 frame per 0.18 s) when the capsule speed exceeds a threshold and vice versa. This ensures

adequate tissue coverage when the capsule is traveling through areas with typically fast transit times, such as

the duodenum. According to Given Imaging, the proprietary improved video processing engine utilizes their

extensive library of pathologies to identify unique and clinically relevant images, while discarding similar or

less significant images without sacrificing diagnostic yield. In a clinical trial (NCT01433042) involving 220

participants, 98% of SB3 images were graded by the physicians as superior in image quality to SB2 images.

Given Imaging also produces two other capsules, the PillCam ESO (version (FDA approval year):

ESO (2004), ESO2 (2007), ESO3 (2011)), and the PillCam Colon (version (FDA approval year): Colon

(none), Colon 2 (2014)). The PillCam ESO targets screening of esophageal mucosa, while the Colon 2
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targets screening of the colon wall. Both the ESO and Colon capsules are equipped with 2 cameras (one

on each end) to provide more screening coverage. Due to the relatively short distance that the ESO has

to travel to screen the entire esophagus (30 min average procedure time), power consumption is less of a

concern, enabling a high image acquisition rate (35 fps for the ESO3).

The PillCam Colon 2, recently cleared by the FDA (February 2014) for patients who have had an

incomplete colonoscopy which was not due to poor bowel preparation, was designed for colon screening. The

PillCam Colon and Colon 2 feature a third button battery for longer battery life, increasing the length from

26 mm to 31 mm when compared to SB and ESO models [5]. To conserve battery life, the PillCam Colon

models feature a sleep mode, deactivating the capsule for the first 1.5 hr to allow for transit to the target

area. The combination of the added battery and sleep mode enables image acquisition through the entire

colon [5]. The PillCam Colon 2 offers several advances over the PillCam Colon, including a wider viewing

angle (172◦ compared to 156◦) and an adaptive frame rate algorithm [5]. The external receiver analyzes the

transmitted images, and returns commands to the capsule based on the results. For example, the receiver

recognizes when the capsule is in the stomach and maintains an image acquisition rate of 6 images per minute

until the capsule enters the small bowel, at which point the frame rate is increased to 4 fps. If the capsule

remains in the stomach for longer than 1 hr, the receiver notifies the patient to ingest a prokinetic agent.

Similarly, once the capsule enters the small bowel, the receiver notifies the patient to ingest a laxative to

help propel the capsule. The receiver can also detect whether the capsule is in motion or stationary. When

in motion, the receiver commands the capsule to acquire images at a rate of 35 fps. Although the main

advertised purpose of the PillCam Colon 2 is to screen for polyps, the capsule has also been used to lead

to the diagnosis of other GI pathologies, such as Whipples disease [6]. Others have successfully used the

PillCam SB to lead to the diagnosis of Whipples disease [7].

Other commercially available capsules include the MiroCam R© (Intromedic Co., Seoul, Korea), the

EndoCapsule series (Olympus Inc., Tokyo, Japan), OMOM R© (ChongQing JinShan Science and Technology

Co, Ltd., Chongqing, China), and CapsoCam (CapsoVision Inc., Saratoga, CA, USA), only one of which

(Olympus EndoCapsule 1) has been approved by the FDA (2007). Of particular interest are the CapsoCam

and the MicroCam R©. The CapsoCam offers a 360◦ view out of the side of the capsule using 4 CMOS imagers.
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Friedrich et al. reported a 70% detection rate of the duodenal papilla, the only landmark in the small bowel

[8]. The MiroCam R© employs a novel low-power transmission technology (electric-field propagation) to deliver

data to the recorder, which increases battery life. The capsule uses the human body as a conductive medium

to transmit data. In a clinical study, transmission rates of the captured images in the stomach, small bowel,

and colon were 99.5%, 99.6%, and 97.2%, respectively [9]. A summary of passive capsules can be found in

Table 1.1
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Table 1.1: Passive capsule endoscopes.

Model 
   

 
 

 
 

PillCam SB 

(M2A) 

PillCam SB 

2 

PillCam SB 

3 

PillCam 

ESO 

PillCam 

ESO 2 

PillCam 

ESO 3 

PillCam 

Colon 

PillCam 

Colon 2 

MiroCam® 

MC1000-W 
EndoCapsule 

EndoCapsule 

10 
OMOM® 

CapsoCam 

SV1 

Manufacturer 

(Location) 
Given Imaging Inc. (Israel) 

Intromedic 

Co. (Korea) 
Olympus Inc. (Japan) 

JinShan 
Science and 

Technology 

Co. (China) 

CapsoVision, 

Inc. (USA) 

Operative 
region 

SB ESO Colon SB SB SB SB 

Mass (g) 3.3 2.9 3.0 3.7 2.9 2.9 2.9 2.9 3.25 3.8 3.3 ≤6 N/A 

Dimensions 

(mm) 
11 x 26 11 x 26 11 x 26 11 x 26 11 x 26 11 x 26 11 x 31 11 x 31 10.8 x 24.5 11 x 26 11 x 26 13 x 27.9 11 x 31 

Battery (h) 7±1 ≥8 ≥8 0.3 0.5 0.5 9±1 10 12 8 12 8±1 (2 fps) ~15 

Illumination 6 LED 4 LED 4 LED 2x6 LED 2x4 LED 2x4 LED 2x4 LED 2x4 LED 6 LED 6 LED 4 LED 6 LED 16 LED 

Lighting Standard Automatic Automatic Standard Automatic Automatic Automatic Automatic Standard Automatic Automatic Standard Automatic 

Field of 

View (°) 
140 156 156 140 169 172 156 172 170 145 160 140±10 360 

Depth of 

Field (mm) 
0-30 0-30 0-30 0-30 0-30 0-30 0-30 0-30 7-20 0-20 0-20 0-35 0-30 

Image Sensor 1xCMOS 1xCMOS 1xCMOS 2xCMOS 2xCMOS 2xCMOS 2xCMOS 2xCMOS 1xCMOS 1xCCD 1xCCD 1xCMOS 4xCMOS 

Imager 

Resolution 
256x256 256x256 320x320 256x256 256x256 256x256 256x256 N/A1 320x320 1920x1080 1920x1080 

QVGA 
(320x240) and 

VGA 

(640x480) 

N/A 

Image 
Sampling 

Rate (fps) 

2 2 or 42 2 or ~6 4 or 143 19 35 2 per camera 4 or 35 3 2 2 
2 fps (QVGA) 

or 0.5 fps 

(VGA) 

3 or 5 per 

camera 

Adaptive 
Frame Rate 

No No Yes No No No No4 Yes No No No No Yes 

Data 

Transmission 
RF RF RF RF RF RF RF RF HBC RF RF RF USB 

Rx Antennas 8 8 8 3 3 3 8 8 9 8 8 14 0 

Real-time 

monitor 
No Yes Yes No Yes Yes Yes Yes 

Yes, USB and 

Wi-Fi 
Yes Yes Yes No 

Localization Yes5 Yes5 Yes5 No No No Yes6 Yes6 No No 3D Track No No 

FDA 
Approval 

Yes (2001) Yes (2007) Yes (2013) Yes (2004) Yes (2007) Yes (2011) No Yes (2014) Yes (2012) Yes (2007) No No No 

 
CCD: Charge coupled device  CMOS: Complementary metal-oxide-semiconductor   HBC: Human Body Communication 

N/A: Not Available   SB: Small bowel       ESO: Esophagus 
1
The PillCam Colon 2 features an Aptina MT9S526 CMOS image sensor with 1/6-inch optical format and 5.6 µm pixel, resolution unavailable. 

2
Two capsule versions 

3
20 min operating time. First 10 min at 14 fps, second 10 min at 4 fps.  

4
PillCam Colon shuts off 3 minutes after activation to preserve energy, and automatically reactivates after 1:45. 

5
±3.77 cm spatial resolution 

6
 Capsule is localized to within the right (cecum to hepatic flexure), transverse (hepatic to splenic flexures), and left (splenic flexure to anus). 
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1.2.2 Active locomotion

Actuation of flexible endoscopes through the GI tract has always relied on active locomotion principles

because passive actuation of scopes is not feasible. The most primitive actuation method for scopes depends

on manual advancement by the clinician. Drawbacks of this actuation method include the possibility of

looping and perforation, which can cause pain, discomfort, and life-threatening complications for the patient.

Looping is a phenomenon which occurs when the scope is advanced from outside the patient, but the scope

tip inside the patient does not advance (e.g., it encounters a bend in the lumen). The result of this scenario

is radial distension of the intestinal tract, which can be uncomfortable and painful for the patient. Shah

et al. revealed that 79% of all pain episodes during a colonoscopy resulted from looping [10]. If the scope

tip fails to advance, perforation of the intestine can result from either the tip or the looping. Perforation

is difficult to repair, requiring open surgery in some cases, and can be life-threatening. The advent of

steering mechanisms for flexible scopes has improved their navigation capabilities, especially concerning

lumen bends, thus decreasing the occurrence of looping and perforation. In recent years, in an attempt to

eliminate looping and perforation, and thus reduce patient pain, discomfort and risk, several new methods

of actuating the scope have been proposed. These methods shy away from hands-on manual pushing and

focus on front-end drive principles. A relatively high rigidity is needed for pushed scopes to prevent buckling,

which would impede advancement of the scope. Front-end drive principles have introduced the possibility

for soft-tethered scopes, an approach that has been pursued for both GI and cardiovascular applications.

This section will review actuation methods for flexible scopes, including the hands-on manual approach and

new front-end drive approaches, including electrical, hydraulic/pneumatic, magnetic/electromagnetic, and

hybrid actuation.

Unlike flexible endoscopes, CEs are viable under passive or active locomotion. To date, all active

capsules are investigational and have not been approved by the FDA. The main advantage of a passive

capsule is its simplicity. Most passive capsules have only a few components; housing, image sensor, lens,

circuit board, wireless transmitter, antenna, batteries, and, in some cases, diagnostic modules such as optical

biopsy. Their simple design has resulted in quick development and inexpensive production. However, passive
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capsules are limiting, mainly relating to lack of control. In order for the capsules to be a swallowable size,

battery space, and thus power source, are limited. Since passive capsule speed is dependent on peristaltic

activity it is difficult to control the rate of descent through the GI tract. With current battery size and

power density, power often needs to be preserved during the capsule procedure. A reliable active actuation

system could increase capsule speed. On one hand, this eliminates the need to conserve battery power due to

a shorter procedure time, but on the other hand, active capsules will likely consume more power due to high

frequency imaging rates and sensors (for control), and actuators (for locomotion). Additionally, controlling

the capsule’s orientation and position results in better visualization of the GI tract, reducing the risk of

missing pathological cues. Development of actuation systems for CEs is currently a prominent topic in the

research sector, and covers a variety of approach methods, which will be reviewed in the following sections.

1.2.2.1 Hands-on manual actuation

Hands-on manual actuation applies only to flexible endoscopy because there is no way to passively

actuate a scope through the GI tract. This is the most basic actuation principle and involves manual

advancement of the scope by the clinician.

Examples of hands-on manual actuation include traditional flexible endoscopes, balloon-assisted deep

enteroscopy, Spirus overtubes, and the Cath-Cam system. The tip of a traditional endoscope (Figure 1.1, G)

is manipulated using knobs on the control module which actuate steering cables. Steering the tip of the scope

reduces the force against the colon wall, especially while navigating bends. The scope is manually advanced

by the surgeon, and often results in prolonged awkward positions. Pain in the left thumb, right wrist, neck

and back is more commonly reported by gastroenterologists than other internal medicine specialists [11].

One study reported average right-thumb peak pinch forces during left and right colon insertion of 10.4 N

and 10.1 N , respectively, which exceeded the injury threshold of 10 N [11].

Balloon-assisted deep enteroscopy was the first endoscopic technique to allow real-time visualization

of the entire GI tract. There are two types of balloon-assisted deep enteroscopy, single- and double-balloon

enteroscopy. Each method utilizes an enteroscope and an overtube. For single-balloon enteroscopy, the end

of the overtube is fitted with a balloon. For double-balloon enteroscopy, both the end of the enteroscope
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Figure 1.1: Flexible endoscopes featuring hydraulic/pneumatic actuation (top 2 rows), electrical actuation
(middle row), magnetic actuation (bottom row, left), and manual actuation (bottom row, right). Examples of
hydraulic/pneumatic actuation include the ColonoSight R© (A), Endotics R© (B, photo courtesy of S. Gorini),
and Aer-O-ScopeTM (C) systems. Examples of electrical actuation include the InvendoscopeTM (D1 and
D2), and NeoGuideTM (E) systems. An example of magnetic actuation is the MAC system (F) described
in [12]. Examples of manual actuation include conventional endoscopes (G), and the CathCam system (H).
Images A, C-E and H are reprinted with permission from Baishideng Publishing Group Co., Ltd.
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and overtube are fitted with balloons. To advance the scope (in either anterograde or retrograde fashion), a

push-pull method is used, inflating and deflating the balloon(s) while telescoping the bowel onto the overtube.

The Endo-Ease DiscoveryTM SB and the Endo-Ease VistaTM Retrograde (Spirus Medical, LLC,

Bridgewater, MA, USA) are spiral overtubes for small bowel enteroscopy and colonoscopy, respectively.

The overtube has a raised spiral which pleats the bowel during rotation. Advancement of the overtube is

achieved by manual clockwise rotation of the spiral overtube.

The Cath-Cam system (Figure 1.1, H) consists of a catheter, guide-wire, light source, and video

processor. The catheter features a 2.8 mm accessory channel, a 3 mm video camera, a 7 LED light source,

air insufflation, and lens irrigation. The bend stiffness is 5 times less than that of a colonoscope. In a

study comparing the push force necessary during an entire porcine colonoscopy, greater than 6.6 N was

required 40%, 27%, and 12% of the time for a colonoscope, guide-wire assisted colonoscope, and Cath-

Cam guide-wire combination, respectively [13]. The study also revealed no adverse effects 1 week after the

procedure. Traditional flexible endoscopes, balloon-assisted enteroscopes and the Spirus Endo-Ease systems

have all been cleared by the FDA, while the Cath-Cam system is an investigational device and has not been

approved for clinical use.

1.2.2.2 Electric actuation

Electrically actuated flexible and capsule endoscopes are devices which employ electricity for locomo-

tion. Usually locomotion is achieved by electrically powered actuators, but it can also include other novel

uses of electricity.

Examples of electrically actuated flexible endoscopes include the InvendoscopeTM (Invendo Medical,

Kissing, Germany), the NeoGuide Endoscopy system (NeoGuide Systems Inc., San Jose, CA, USA), and the

Endo-Ease Endeavor by Spirus Medical, LLC. The InvendoscopeTM (Figure 1.1, D) is a single-use colonoscope

(CE-marked and FDA 510(k) cleared) with a working channel that is driven in and out of the colon instead

of pushed or pulled, which reduces forces against the colon wall. The system contains a motorized drive

unit, steerable tip, and a double-sheathed scope. The motorized drive unit engages with the inner sheath.

As the inner sheath is advanced, it inverts at the scope tip and becomes stationary once in contact with the
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colon wall. The position of the steerable tip and the advancement mechanism are controlled using a joystick.

Cecal intubation rate is high (98.4%) and the need for sedation is low when using the InvendoscopeTM

[14]. The NeoGuide Endoscopy (CE-marked and FDA 510(k) cleared) system (Figure 1.1, E) consists of 16

articulated segments, which follow the geometrical path of the tip. The tip of the endoscope is controlled

by the endoscopist. The scope insertion depth and tip angle are combined to create a three-dimensional

(3D) map which provides accurate information regarding tip position, insertion tube position, and colonic

looping [15]. Similarly, a disposable cable-actuated robot tip using two motors and gyroscopes for closed-loop

position control is being developed by MIT [16]. In 2011, Olympus, Inc. acquired Spirus Medical, LLC,

and since then the company has been developing a powered spiral overtube called the Endo-Ease Endeavor.

The investigational device is similar to the existing manual Endo-Ease overtubes, but with the addition of

motorized rotation controlled by a foot pedal.

There are many examples of electrically actuated CEs most of which employ actuators. Sliker et al.

developed a wired CE for colonoscopy using micro-patterned treads [17]. The capsule contains one motor

which simultaneously drives 8 polymer treads located on the outer surface of the capsule (Figure 1.2, A2).

Valdastri et al. developed a legged robot (Figure 1.2, A1) which employs a novel slot-follower mechanism

driven by a motor and a lead screw [18]. Another example of a legged CE was developed by Gu and Zhou,

which utilizes peristalsis for forward and reverse motion [19]. Lin and Yan combine the motor driven legs

and extension/retraction of the body of the CE to achieve worm-like motion [20]. Similarly, Kim et al. use

a slotted design with a motor driven lead screw, but with paddles instead of legs for capsule locomotion

[21]. De Falco et al. developed a four propeller swimming wireless capsule (Figure 1.2, A3) for stomach

evaluation [22]. One of the most unique uses of electricity for the actuation of CEs is described by Woo

et al., where electrodes are embedded on the surface of the capsule to deliver electrical stimulation to the

intestine [23]. Upon electrical stimulation, the intestines contract, propelling the capsule through the lumen.

With the exception of the electric stimulation capsule developed by Woo et al., all of these capsules contain

small (and often custom) components, making them complex, difficult to manufacture, expensive and likely

difficult to obtain FDA approval. The primary advantage of these capsules is their self-contained packaging,

requiring little or no external equipment.
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Figure 1.2: Active capsule endoscopes with electric (row A), hybrid (row B), and magnetic (row C) actuation.
Examples of electric actuation include the legged capsule (A1, photo courtesy of G. Ciuti) described in [18],
the treaded capsule (A2, photo courtesy of L. Sliker) described in [17], and the swimming capsule (A3,
photo courtesy of I. De Falco) for a liquid filled environment (e.g., stomach) described in [22]. Examples
of hybrid actuation are the legged-magnetic capsule (B1, photo courtesy of M. Simi) described in [24], the
jellyfish capsule (B2, photo courtesy of G. Tortora) for a liquid filled environment described in [25], and the
inch-worm capsule (B3, photo courtesy of K. Wang) described in [26]. Examples of magnetically actuated
capsules include a rotating capsule (C1, photo courtesy of J. Abbott) described in [27], a vibrating capsule
(C2, photo courtesy of G. Ciuti) described in [28], and VECTOR (www.vector-project.com) capsule (C3,
photo courtesy of G. Ciuti).
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1.2.2.3 Hydraulic and pneumatic actuation

The Endotics R© Endoscopy System (EES) by Era Endoscopy s.r.l. (Italy) is an example of a pneumat-

ically driven flexible endoscope (CE-marked, not FDA approved) for painless colonoscopies and is comprised

of a steerable tip, flexible body and thin tail (Figure 1.1, B). Inspired by the Geometer moth caterpillar, the

EES employs two mucosal clamping devices (located at the proximal and distal ends of the probe) and an

extension/retraction mechanism to achieve worm-like motion. Patients report significantly less pain with the

EES when compared to traditional colonoscopes [29], and the EES demonstrates good specificity and sensi-

tivity for the detection of polyps [30]. Additional benefits of the EES include a disposable probe to eliminate

cross-infection risk, and an innovative joystick-based driving system to improve clinician ergonomics. The

current EES features irrigation and insufflation/suction channels as well as a working channel.

Other examples of hydraulic and pneumatic actuated flexible endoscopes include the Aer-O-Scope

and ColonoSight systems. The Aer-O-Scope system (Figure 1.1, C) is a disposable, self-propelling and self-

navigating colonoscope consisting of two balloons. Both balloons are inserted into the rectum, the first is

mobile, tethered and contains the imaging unit, while the second is stationary, fixed to an overtube and

seals the orifice. Both balloons are inflated to create a seal against the inner lumen surface and then CO2

is insufflated between the two balloons. The addition of CO2 between the two balloons forces them apart.

The stationary balloon is constrained by the orifice, resulting in advancement of the mobile balloon into the

colon. Balloon pressure is monitored and controlled so as to maintain a seal but prevent damage. The mobile

balloon is equipped with a CMOS camera with an omni-directional viewing system. Once cecal intubation is

reached, CO2 between the two balloons is vented through the rectum, and then CO2 is insufflated between the

mobile balloon and the cecum, pushing the balloon back towards the rectum while expanding haustral folds

for examination. The Aer-O-Scope is equipped with suction, irrigation and insufflation, but does not have

a working channel. The Aer-O-Scope is currently investigational, but a clinical trial was recently completed

(November 2013), and an FDA 510(k) clearance application will soon be submitted. The ColonoSightTM

(Figure 1.1, A) is an FDA approved, fully integrated colonoscope that uses air pressure to propel the steerable

tip. The scope has 3 working channels and is inserted into a disposable sleeve anchored at the proximal end
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of the device, protecting it from contamination and enabling propulsion. Air is pumped inside the sleeve

pushing the tip forward. The maximum force generated by the ColonoSightTM is 4.9 N , compared to 44 N

for a traditional colonoscope, and a high cecal intubation rate without complications has been shown [31].

1.2.2.4 Magnetic/electromagnetic actuation

Endoscopic capsule actuation obtained through magnetic or electromagnetic propulsion systems, i.e.,

through an external locomotion approach, entails external magnetic fields that interact with internal mag-

netic components integrated into the capsule to provide propulsion by imparting forces and torques directly

to the probe. The basis of this principle is that a large magnetic field is created near (but outside) the

patient, either by electromagnet(s) or permanent magnet(s), while a much smaller magnetic source is em-

bedded inside the capsule. The interaction between this small field and the large externally produced field

enables active control of the endoscopic capsule with the benefit of no on-board actuators, mechanisms, and

batteries, in favor of a small on-board magnetic field generator, e.g., a permanent magnet. This approach

provides a straightforward path to clinical and technical implementation and system integration because it

does not require the incorporation of dedicated miniature actuators and mechanisms inside the endoscopic

system. An additional advantage of magnetic actuation is the ability to move the capsule in both antero-

grade and retrograde fashions, and invert the capsule 180◦ to perform retrograde inspection for examining

behind haustral folds. By exploiting externally generated magnetic fields, the internal available space of the

capsule is increased, thus guaranteeing an easier integration of required modules in an ingestible system.

Focusing on the selected magnetic approach (i.e., electromagnet(s) or permanent magnet(s)), investigated

by many research groups, some examples of capsules with external locomotion designed for specific districts

are reported in literature. Magnetic actuation has also been exploited for other medical robotic applica-

tions, ranging from catheters (e.g., the NiobeTM Magnetic Navigation System from Stereotaxis and Hansen

Medical Magellan Robotic System) [32] to micro-scale robots [33]. Electromagnets, as external magnetic

field generators, can generate well-controlled magnetic fields, although requiring bulkier equipment when

compared to external permanent magnets.

A soft-tethered colonoscope with robotic magnetic steering and actuation has been developed by
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Valdastri et al. [12]. The front-wheel magnetically driven device is composed of a capsule-like frontal unit

and a compliant multi-lumen tether with a working channel (Figure 1.1, F). The device presents a trade-off

between capsule and traditional colonoscopy combining benefits of a low-invasive front-wheel locomotion

with the multi-functional tether for treatment.

Mahoney et al. have pursued permanent magnetic based actuation for helical capsules (Figure 1.2,

C1) by maximizing magnetic torque while minimizing magnetic attraction [27]. A novel magnetic capsule

endoscopy platform for gastric examination was developed cooperatively by Olympus Inc. (Olympus Medical

Systems Corp., Tokyo, Japan) and Siemens Healthcare (Erlangen, Germany). The investigational system

includes an Olympus CE (31 mm x �11 mm, provided with two 4 fps image sensors) and Siemens magnetic

guidance equipment, composed of magnetic resonance imaging (MRI) and computer tomography (CT). The

capsule can be moved by the physician in the stomach (through two control interfaces) with five independent

degrees of freedom (DoF), i.e., 3D translation, tilting and rotation [34].

Given Imaging Ltd. has investigated the use of a hand-held external permanent magnet to navigate

a capsule in the upper GI tract using a customized version of PillCam Colon, which was half-filled with

magnets as part of the European FP6 project called Nanobased Capsule-Endoscopy with Molecular Imaging

and Optical Biopsy (NEMO project) [35]. Carpi et al. exploited a robotic magnetic navigation system

(Niobe, Stereotaxis, Inc., USA), developed for cardiovascular clinical procedures, for accurate robotic steering

of a magnetically modified endoscopic capsule (PillCam R©, Given Imaging Ltd.). In vivo tests performed

with 3D fluoroscopic imaging showed an accuracy of 1◦ in orientation but limited translational capabilities

[36, 37]. Another approach for magnetic navigation of endoscopic capsules has been proposed by Ciuti et

al. where active magnetic locomotion in the GI tract is achieved through a permanent magnet combined

with accurate driving by an anthropomorphic robotic arm. The system combines the benefits of permanent

magnets, in terms of magnetic field strength and limited encumbrance, with accurate and reliable control of

the magnet through use of a robotic arm [36, 38]. This approach (Figure 1.2, C3) has been investigated in

the framework of the FP6 European Project called Versatile Endoscopic Capsule for gastrointestinal TumOr

Recognition and therapy (VECTOR project - www.vector-project.com). A colonoscopic spherical capsule

with an internal permanent magnet and controlled through a hand-guided external electromagnetic system
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supported by a passive robotic frame is under development within the European FP7 project called New cost

effective and minimally invasive endoscopic device able to investigate the colonic mucosa, ensuring a high

level of navigation accuracy and enhanced diagnostic capabilities (SUPCAM project - www.supcam.eu) [39].

Morita et al. designed a unique magnetic tail which can be attached to any 11 mm diameter commercial CE

to obtain swimming locomotion when applying an alternating-current magnetic field [40]. Ciuti et al. also

proposed a vibrating capsule (Figure 1.2, C2), reducing friction for magnetic locomotion [28].

A critical limitation of these external magnetic approaches is effective locomotion and lumen visu-

alization of the capsule in the deflated lumen and mainly in the large intestine. In order to overcome this

problem, several solutions for tissue distension and thus allowing reliable and accurate locomotion has been

pursued and are described in Section 1.2.2.5 (hybrid locomotion capsule by Simi et al.) [24], and in Section

1.2.3 (wireless insufflation capsule by Gorlewicz et al.) [41].

1.2.2.5 Hybrid actuation

Capsules categorized by hybrid actuation are ones which combine any of the aforementioned actuation

methods. For example, Simi et al. propose a CE (Figure 1.2, B1) which employs electrical and magnetic

actuation [24]. An internal motor actuates legs, similar to the capsule described in [18] while magnetic

locomotion is employed, as describe in [38]. The magnetic locomotion is primarily used with activation

of the legged mechanism whenever the capsule gets lodged in collapsed areas of the GI tract. Chen et al.

proposed a hybrid CE which employs both electrical and pneumatic actuation methods for worm-like motion

(Figure 1.2, B3). The CE is comprised of two balloons, one on each end, and a middle section for extension.

The balloons are individually inflated/deflated using a micro pump to hold the capsule in position against

the colon wall, while the middle section is elongated/shortened using linear motors for advancement [26]. A

novel approach to combining local magnetic fields with electric actuation is demonstrated by Tortora et al.

[25]. This capsule (Figure 1.2, B2) is fitted with 4 external elastic flaps, each with a small permanent magnet

embedded in the tip. Inside the capsule, an opposing magnet is rotated, which pushes each flap away from

the capsule as it passes, resulting in jellyfish-like propulsion.
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1.2.3 Diagnostic and therapeutic capabilities in GI endoscopy

Diagnostic and therapeutic capabilities of a traditional flexible endoscope employ tools inserted

through the working channel of the scope. Common tools include biopsy forceps, saw-tooth forceps, foreign

body forceps, scissors, injection and puncture instruments, polypectomy snares, retrieval devices, and cytol-

ogy brushes. An example of an innovative tool for flexible endoscopy is the OTSC (Over-The-Scope Clip)

system (Ovesco Endoscopy AG, Tubingen, Germany). The OTSC system features a deployable biocompat-

ible Nitinol clip which clamps tissue to treat acute intestinal bleeding, leaking [42] and even perforations

[43, 44].

There are several optical enhancement devices that have been developed to improve the screening pro-

cess and diagnostic yield, including the Third Eye Retroscope (Avantis Medical, Sunnyvale, CA, USA), the

FuseTM endoscope system (EndoChoice, Inc., Alpharetta, GA, USA), an extra-wide-angle-view colonoscope,

and liquid lenses. The Third Eye Restroscope (CE-marked and FDA 510(k) cleared) is inserted through the

working channel of a traditional colonoscope and passively forms a 180◦ bend as it emerges from the tip,

providing a retrograde view of the colon which can improve visualization behind folds. A large study from

multiple clinics showed a 23% overall increase in detection of precancerous polyps when using the Third Eye

Restroscope over just the colonoscope, and a 40% increase in detection in patients with a greater risk of

colorectal cancer [45]. The FuseTM endoscope system (CE-marked and FDA 510(k) cleared) utilizes multiple

imagers and LEDs to obtain a wide (330◦ and 245◦ for colonoscope and gastroscope, respectively) field of

view. A study comparing the FuseTM colonoscope with a traditional colonoscope demonstrated that an addi-

tional 69% more adenomas were detected by FuseTM that traditional colonoscopes missed [46]. Furthermore,

an adenoma miss rate of 7% is reported for the FuseTM colonoscope [46]. The extra-wide-angle-view colono-

scope developed by Uraoka et al. aims at providing a retrograde view for detecting lesions located behind

haustral folds, flexures and rectal valves [47]. In the study, the mean detection rate was significantly higher

with the extra-wide-angle-view colonoscope (68%) than a traditional colonoscope (51%) [47]. Additionally,

the detection rate for polyps behind folds was higher with the extra-wide-angle-view colonoscope (61.7%)

than a traditional colonoscope (46.9%) [47]. For extended depth of focus and to enable advanced vision
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functions such as autofocus or zoom, a deformable liquid lens, compatible with a capsule-like device, was

investigated by Cavallotti et al. [48] and Seo et al. [49]. The focal point is changed by varying the applied

voltage resulting in fast responses. Furthermore, liquid lenses are inexpensive, efficient and compact.

Isolation and application of different light spectra has led to optical enhancement techniques, such

as narrow band imaging (NBI) and autofluorescence imaging (AFI). NBI, developed by Olympus Medical

Systems (Olympus, Japan) and implemented into some of their endoscope products, uses optical filters to

isolate two bands of light; 415 nm (blue) and 540 nm (green), instead of conventional white light endoscopy

which uses the entire spectrum of visible light (400-700 nm) to examine tissue. The shorter wavelength

light (415 nm) only penetrates superficial layers of the mucosa and is absorbed by capillary vessels in

the surface of the mucosa. This wavelength is particularly useful for detecting tumors, which are often

highly vascularized. The longer wavelength light (540 nm) penetrates deeper and is absorbed by blood

vessels located deeper within the mucosal layer, providing better visualization of the vasculature of suspect

lesions [50]. A study comparing NBI to high-definition white light endoscopy (HD-WLE) for the detection

of polyps concluded that NBI achieved significantly higher accuracies with good interobserver agreement

once a learning curve was reached [51]. A study of 123 patients with Barretts esophagus found that NBI

targeted biopsies can have the same intestinal metaplasia detection rate as a HD-WLE examination while

requiring fewer biopsies, and NBI targeted biopsies can detect more areas with dysplasia [52]. For CEs,

an investigational dual-mode CMOS sensor capable of acquiring one visible and one narrow band image

under interillumination mode at 2 fps was described by Lan-Rong et al. [53]. In AFI, small and young

malignant lesions undetectable by white-light illumination become detectable by excitation of the tissue

with blue spectrum light. The autofluorescence produced by healthy tissue is stronger than collagen and

other fluorescent substances in the tumor. Al-Rawhani et al. present an investigational AFI capsule that

employs a single-photon avalanche diode for detection in combination with blue LEDs [54]. The capsule

seems capable of inducing and detecting autofluorescence from mammalian intestinal tissue. Advanced

image post-processing algorithms to enhance capsule diagnostic capabilities have been proposed based on

texture feature, local binary pattern and multilayer perceptron neural network [55, 56, 57]. I-scan (Pentax,

Ontario, Canada) and FICE (Fujifilm, Tokyo, Japan) are examples of virtual chromoendoscopy techniques
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that attempt to enhance images for higher quality detection rates and diagnosis. Virtual chromoendoscopy

is particularly applicable to CEs as it is a software based technology (unlike NBI which uses optical filters)

and can be implemented without changing existing hardware. For example, Given Imaging Ltd. recently

implemented FICE into its RAPID R© software for PillCam images. One of the advantages of FICE, when

used with traditional endoscopes, is real-time transition between the white light and FICE images, however,

this advantage is lost when used with CEs due to the post-processed static images. In the future, it is

expected that FICE will work with CEs as it currently does with conventional endoscopes [58].

Valdastri et al. developed a therapeutic wireless endoscopic capsule able to electrically release an

endoscopic clip for treating bleeding in the GI tract (Figure 1.3, A5). The therapeutic capsule navigation

and positioning is controlled by means of an external permanent magnetic field source and it is provided,

on the capsule front, with a single pre-loaded SMA-based endoscopic clip that can be wirelessly activated

and released. Successful surgical ex vivo and in vivo experiments were performed, opening the field to a new

generation of capsule devices capable of performing both diagnostic and therapeutic tasks [59].

The first example of a wireless biopsy capsule was developed in 2005 by Kong et al. and it consists

of a rotational tissue-cutting razor fixed to a torsional spring and constrained by a paraffin block. When

the paraffin block is melted by electrical heating, the razor is released and a tissue sample is collected [60].

The same author developed a more advanced biopsy device (Figure 1.3, B1) for CEs. The device consists

of three modules for the complete process of biopsy, which includes monitoring the intestinal wall by a

tissue monitoring module (lateral view by using a mirror reflector system), aligning onto a polyp by an

anchor module (composed of four outriggers with independently connected SMA springs three of which are

simultaneously activated), and sampling of the polyp tissue by a biopsy module (composed of two cylindrical

razors, a spiral spring, and a trigger). The biopsy mechanism of the inner razor exploits an electrical powered

mechanism: electric power, converted into heat, triggers the release of the spiral spring, and thus of the razor,

by the soldering of a stopping mechanism on the chip resistor [61].

An example of wireless biopsy capsule (Figure 1.3, B2) with a reliable and effective design was de-

veloped by Simi et al. The biopsy device takes advantage of magnetic fields both for stabilizing the capsule

during sampling and for operating the biopsy mechanism. Two couples of cylindrical diametrically magne-
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Figure 1.3: Capsule endoscopes for delivery (rows A), biopsy (row B) and sensing (row C). Delivery capsules
include drug delivery (A1, photo courtesy of S. Woods and A2-A3, photo courtesy of S. Yim), insufflation (A4,
photo courtesy of P. Valdastri), clip delivery for hemorrhage clamping (A5, photo courtesy of C. Quaglia),
and patch delivery (A6, photo courtesy of C. Quaglia). Biopsy capsules employ rotating blades (B1, photo
courtesy of S. Yim and B2, photo courtesy of G. Ciuti), and microgrippers (B3-B4, photo courtesy of S.
Yim). Sensing capsules employ various technologies to obtain 3D reconstruction of the esophagus (C1, photo
courtesy of G. Tearney), sense pressure (C3, SmartPill Given Imaging, Ltd. press release photo), sense pH
(C2, Bravo Given Imaging, Ltd. press release photo and C3), and sense temperature (C4, photo courtesy of
L. Carbonelli and C3).
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tized permanent magnets embedded into the capsule act as magnetic torsional springs; the external magnetic

field is modulated first for stabilization and tissue penetration inside an inner chamber and then for tissue

cutting. Therefore, thanks to the innovative magnetic actuation system, actuators and batteries are not

required on-board, thus allowing for a more compact size (�9.5 mm x 17 mm) and potential use in pediatric

patients [62].

A novel biopsy method using deployable microgrippers (Figure 1.3, B3-B4) has been developed by Yim

et al. [63]. A large number of untethered thermo-sensitive microgrippers are released from the magnetically

positioned capsule in the stomach. Triggered by body heat, the microgrippers fold, collecting small biopsies.

The capsule then collects the microgrippers using a wet-adhesive patch.

A therapeutic capsule for bioadhesive patch release (Figure 1.3, A6) has been developed by Quaglia et

al. The system exploits an SMA-based spring mechanism for unlocking a bench compressed by a super elastic

structure. The bench supports a bioadhesive patch that is attached to the GI wall. The system, controlled

in position by an external permanent magnetic source allows for a controlled targeted release of drugged

patches [64]. A therapeutic capsule for targeted drug delivery (Figure 1.3, A1) has been developed by Woods

et al. [65]. Although miniaturization is the primary obstacle, the device features a holding mechanism for

resisting peristalsis and a micropositioning mechanism which can deliver 1 mL of targeted medication. Yim

et al. developed a magnetically actuated soft capsule for multimodal drug release [66]. The soft capsule

(Figure 1.3, A2) is axially actuated using magnetic fields to squeeze drugs out of the drug chamber (Figure

1.3, A3). The drug can be gradually released with the rate dependent on the frequency of a pulsed magnetic

field or released all at once using a constant strong magnetic field. There are currently no biopsy capsules

approved for clinical use.

A soft-tethered capsule colonoscope developed by Valdastri et al. [12] features a compliant multi-

lumen tether for insufflation, suction, irrigation, or access for standard endoscopic tools such as biopsy

forceps, polypectomy snares, retrieval baskets, and graspers (Figure 1.1, F).

An interesting solution for obtaining tissue distension for diagnostic and therapeutic procedures was

proposed by Gorlewicz et al. with a tetherless insufflation system which is based on a controlled phase

transition of a small volume of fluid stored on-board the capsule to a large volume of gas, emitted into
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the intestine [41]. The capsule prototype, depicted in Figure 1.3 (A4), is composed of an upper chamber,

designed to hold an acid solution, and a lower chamber, designed to hold a powdered base. In the presence

of an external magnetic field, two installed magnetic ball valves open, and the citric acid solution mixes with

the potassium bicarbonate base. The CO2 produced (375 mL) is vented through small perforated holes just

under the midline of the capsule for insufflating the surrounding environment.

There are several capsules available for sensing intraluminal physiological parameters. The FDA

approved Bravo R© (Figure 1.3, C2) pH monitoring system (Given Imaging Ltd., Yokneam, Israel) provides

a capsule-based approach for evaluating gastroesophageal reflux disease. The capsule is anchored in the

esophagus for a 24-48 hr period while pH data is wirelessly sent to an external data recorder. The duration

of the evaluation is debatable, but the 48 hr period is recommended by Chander et al. because pH data and

symptom correlation is strengthened when compared to 24 hr results [67]. Another study of 66 procedures

reported a 15.2% technical failure rate, attributed to poor data reception (4.5%), early dislodgement (4.5%)

and capsule removal (6.1%) [68]. In a study comparing capsule- and catheter-based pH measurement Ang et

al. determined that diagnostic yield was similar [69]. The OMOM pH monitoring system (Jinshan Science

& Technology Co., Ltd, Chongqing, China) is also anchored in the esophagus and transmits pH data to an

external recorder using radio frequency technology, but is not FDA approved. The SmartPill R© (Figure 1.3,

C3) by Given Imaging Ltd. is an example of an FDA approved capsule which measures multiple physiological

parameters (e.g., pressure, pH and temperature) as it travels through the GI tract for assessment of GI

motility. Rao et al. determined that the SmartPill R© was capable of detecting a generalized motility disorder

in 51% of patients and influence management in 30% of patients with lower GI disorders and 88% of patients

with upper GI disorders [70]. Given Imaging Ltd. was acquired by Covidien Ltd. in February 2014, which

could bring exciting change to their lineup of GI capsules. CorTemp (Figure 1.3, C4) by HQ Inc. (Palmetto,

FL, USA) is an example of an FDA approved capsule that measures internal body temperature accurate

to ±0.1◦C. After capsule ingestion, a quartz crystal in the capsule vibrates at a frequency relative to the

temperature which creates a magnetic flux and sends a harmless low-frequency signal through the body.

Applications for monitoring internal body temperature include sports physiology [71], firefighting, research

and medicine [72, 73], occupational safety [74], and military [75].
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Another group of capsules employ various methods to obtain less-invasive imaging of the GI tract.

Check-Cap (Mount Carmel, Israel) is an investigational wireless capsule that images the colon using low-dose

radiation which could mitigate the need for bowel preparation. A single procedure exposes the patient to as

much radiation as one abdominal radiograph, and creates a 3D reconstructed image of the colon. Although

still under development, a patient survey suggests that Check-Cap could be a viable option if it can provide

sensitivities of 80% and 50% for cancer and large polyps, respectively [76]. Gora et al. developed a tethered

esophageal capsule (Figure 1.3, C1) that employs optical frequency domain imaging technology to produce

3D microstructural images (30 µm (lateral) x 7 µm (axial) resolution) [77]. These technologies are very

promising for both robotic control and diagnostic purposes as they provide methods for reconstructing the

internal structure of the GI tract. The Check-Cap could provide an imaging method that eliminates the

need for bowel preparation as X-ray can transmit through the relatively softer bowel material, but at the

expense of radiation exposure to the patient.

1.3 Expert Commentary

Traditional flexible endoscopy has been a useful tool for visualizing the GI tract for over 140 years, but

in recent decades, the technology has been pushed to new limits in an attempt to improve the effectiveness of

the procedure and increase comfort for both the patient and clinician. Drawbacks to traditional flexible scopes

can be divided in two categories; procedure comfort and effectiveness (i.e., depth of screening, therapeutic

and diagnostic capabilities, and device and procedure quantity).

Traditional flexible endoscopy can be uncomfortable for the patient and frequently requires sedation.

Even when the patient is sedated during the procedure, pain is often felt after the procedure due to distension

of the GI tract, loop formation, and, in rare cases, perforation during the procedure. An additional and

often overlooked aspect of endoscopic engineering is ergonomic considerations of the gastroenterologist.

Gastroenterologists are at risk for injuries such as carpel tunnel syndrome, DeQuervains tenosynovitis, and

lateral epicondylitis due to repeated and prolonged awkward postures during endoscopic procedures [11].

There is a 37% to 89% prevalence of musculoskeletal complaints for endoscopists, and Shergill et al. showed

that the prevalence is higher for endoscopists than for other medical specialists [11]. The technologies
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reviewed in this chapter are focused on reducing the invasiveness of endoscopic procedures and increasing

the comfort for both patients and clinicians. All of the actuation methods presented are focused on reducing

the need to push the endoscope into the body, which reduces distension of the GI tract, formation of loops

and, in the worst case, perforation. Additionally, the advent of capsule endoscopy has eliminated the need

for sedation altogether, resulting in a virtually pain free procedure for the patient and the endoscopist. Most

of the actuation methods presented here, for both flexible and CEs either reduce or completely eliminate

risk factors related to overuse injuries for gastroenterologists, such as repetitive hand motions, high hand

forces, and awkward wrist, shoulder, and neck positions.

The other major drawback to traditional endoscopy is procedure effectiveness. An optimal endoscopic

technology would be one which can screen (i.e., visualize), diagnose (e.g., take biopsy) and provide therapy

(e.g., drug delivery) to the entire GI tract during a single procedure while minimizing pain and discomfort

for the patient and the gastroenterologist. Even the longest of endoscopes can only reach a portion of the

small bowel. Traditional flexible endoscopes can, at best, visualize the proximal and distal duodenum. It

is possible to visualize the proximal jejunum using specialized scopes, such as pediatric colonoscopes or

long enteroscopes. However, it is difficult to visualize the medial and distal jejunum, and the entire ileum

using traditional flexible endoscopes. Two main design features can be addressed to expand GI tract access;

scope physical design parameters (e.g., length and stiffness) and scope actuation. These issues have been

addressed by several of the technologies reviewed in this chapter. Flexible and soft-tethered endoscopes with

novel steering and actuation techniques have paved the way for more effective endoscopic procedures. While

these might not enable anesthetic-free procedures, they have high potential for decreased comfort and pain

for both the patient and the clinician. Scope length has been eradicated by the advent of capsule endoscopy.

By eliminating the scope, or tether, a commercially available CE is able to visualize the entire bowel with

no discomfort or pain for the patient, however, a second procedure is required for therapy or diagnosis. CEs

are a promising technology, but are limited by their capabilities. The challenge in this field in upcoming

years is to design a CE capable of screening, diagnosis and therapy regardless of the complexity and space

requirements for the necessary equipment and small volume limitation. Furthermore, a fully sensorized and

controlled CE capable of screening, diagnosis and therapy would still be limited by its power supply, thus
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requiring development of solutions (e.g., wireless power transmission).

Many examples of treatment enabled capsules have been proposed for diagnosis and therapy. Biopsy

capsules seem promising with several viable designs in development. There have been several promising

capsules proposed for drug delivery, although these will likely take more effort in the FDA approval pathway.

There are several FDA approved sensing capsules available to aid in the diagnosis of pH, pressure, and

temperature sensitive GI pathologies.

1.4 Five-year view

The boundaries of both flexible and capsule endoscopy will be pushed within the next five years.

Advancements in flexible endoscopy will continue to be motivated by increasing comfort for both the patient

and clinician, working towards an easy-access mass screening campaign, i.e., access to the entire GI tract,

while maintaining therapeutic and diagnostic capabilities. Some of the actuated endoscopic devices (e.g.,

Aer-O-ScopeTM by GI-View) have sacrificed an operating channel in order to develop a reliable actuated

scope. We expect to see versions of these devices in the near future that implement operating channels, as

supported by the Endotics R© device. We will continue to see novel steering and actuation techniques which

will reduce bowel wall distension, and the probability of loop formation and perforation. We also predict the

emergence of new and continued development of existing soft-tethered capsules, which feature some of the

benefits of wireless CEs, but bypass some of the design constraints such as the need for on-board tools and

power. The soft tether is more flexible than a scope, yet still provides power for on-board electronics and a

port for tools.

While capsule endoscopy is currently a decent supplement to traditional flexible endoscopy, it remains

inferior and will require further development before becoming a suitable replacement for flexible endoscopy.

The largest drawbacks to commercially available capsules are their passive locomotion and lack of therapeutic

and diagnostic capabilities. Significant recent advancements have been made to address these two issues

individually, and it is likely that convergence of solutions to both problems will emerge within the next five

years. It is predicted that magnetic locomotion will be the prevailing method for actively controlling CEs.

Advantages of magnetic guidance include simple capsule design (i.e., the only necessary addition to existing
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FDA approved capsules is an internal permanent magnet) and untethered control, which could streamline

the clinical approval process. The magnetic control platform might be a large initial investment, but the

individual capsule could be less expensive than capsules employing other actuation techniques requiring

more expensive actuators (e.g., motors). Disadvantages include large, complex external equipment, and the

use of strong magnetic fields within an operating room which could interfere with other instruments and

electronic equipment. Jinshan Science and Technology (OMOM Capsule Robot, Chongqing, China) and

IntroMedic (MC1000-WM, Seoul, South Korea) have both developed a magnetic guidance system for a CE,

neither of which has received FDA approval or a CE mark. IntroMedics non-magnetic version, the MC1000,

received FDA approval in 2012, and it is predicted that approval for the magnetic guidance system will be

awarded within the next 5 years upon improvement of their existing magnetic control system. Even with a

CE mark or FDA approval, these existing magnetic guidance systems utilize handheld controllers, and are

not automated. In a study evaluating the effectiveness of the IntroMedic magnetic system, results showed

that magnetic maneuvering was possible with X-ray fluoroscopic visual data, however, real-time video from

the capsule was insufficient visual feedback for the clinicians to guide the capsule through the colon [78]. An

active locomotion system would ideally be radiation free, only dependent on vision and other sensor fusion

in a multi-modal visualization.

Active control of capsules will advance significantly over the next five years. Speaking from a magnetic

control standpoint, there are several advanced systems that have already been developed (discussed in Section

1.2.2.4) to actively and precisely control the orientation and position of CEs, however, the largest obstacle

to overcome between now and a clinical application will be the implementation of a reliable automated

control and risk mitigation. A magnetic link is not rigid, and therefore requires a high level of precision

and feedback to close the control loop for reliable and safe control. Control precision can be increased

by using multiple electromagnets, however this increases the size and complexity of the system. Control

precision can also be increased by using a robotically actuated single magnet, but this method will require

high sensorization to close the control loop. Sensorization will require a combination of capsule localization,

image processing, force mapping, and other feedback signals to close the control loop. Building upon existing

systems, it is predicted that there will be several fully-automated control systems for capsule locomotion
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and immersive scenarios within the next five years. Parallel development of multi-functional capsules with

integrated screening, therapeutics and diagnostics will also occur.

It is possible that within the next 5 years, an integrated magnetically actuated CE system will be

developed that offers automated locomotion of the capsule throughout the GI tract with optional clinician

interruption (e.g., to momentarily stop and reorient the capsule, deliver therapy or perform a diagnostic

activity), immediate therapeutic capabilities (e.g., drug delivery, targeted radiation therapy, ablation, etc.),

and diagnostic services (e.g., biopsy, cell culture, stool sample, etc.), offering an immersive scenario for the

clinician. Optical enhancing techniques could lead to in situ optical (instead of mechanical) biopsy onboard

the capsule in the near future, avoiding the inconvenience of sampling, storing, conserving and analyzing

several samples of tissue. Advanced diagnostic methods such as this go beyond standard endoscopic tech-

niques, offering improved image resolution, contrast and tissue penetration, and providing biochemical and

molecular information about mucosal disease through light-tissue interactions, force feedback and possible

finite element modeling analysis.

In addition to the broad vision, developments within the subsystems of the CE will continue to emerge.

For example, capsule power consumption continues to be a relevant challenge, which is limited by the size of

the capsule and will be further limited when additional volume is consumed by magnets and feedback sensors,

and mechanisms for therapy. In addition to space reduction, the feedback sensors and imaging data will also

consume power. Reliable automated control or telemetry will require high frequency and quality imaging

data, so compression needs to be optimized for control and diagnostic purposes. Solutions for power needs

will be found through batteries or wireless power transmission. Recent advancements related to lithium ion

(Li-ion) battery technology could provide an elegant solution for CEs. Pikul et al. report a newly developed

Li-ion microbattery that offers a power density of up to 7.4 mW · cm−2 · µm−1, which is 2,000 times higher

than other microbatteries [79]. Additionally, Singh et al. have recently developed a Li-ion battery which can

be painted onto a variety of surfaces, conforming to the surface shape [80]. The combination of a high power

density battery which can conform to any volume would be a significant step towards an active endoscopic

capsule capable of screening, diagnosis and therapy. An alternative solution lies within wireless power

transmission. Yu et al. present a wireless power transmission system based on electromagnetic induction for
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a CE, capable of delivering 150 mW of usable power [81]. The system consists of a transmitting coil (�400

mm x 200 mm) external to the body and a receiving coil (�10 mm x 10.5 mm) inside the capsule. The major

drawbacks to this system are the additional equipment needed for electromagnetic field production, and the

challenge posed by the combination of magnetic control and electromagnetic power induction, although they

may be combined for providing locomotion and power. If capsule orientation is unknown, then multiple

internal and/or external coils are required, which increases size, cost, and complexity. To reduce the number

of coils needed, precise information about capsule orientation is required, which makes localization an even

more important issue.

Other capsule subsystems that will likely be the focus of improvement include imaging, signal trans-

mission, and lighting. We predict that capsule endoscopy video quality will improve over the next five years.

Advancements in imaging sensors will likely include increased resolution and efficiency with decreased pack-

age size. Wireless signal transmission is one of the most power intensive operations for a CE. Improvements

to transmission efficiency and novel transmission methods could surface over the next five years. Improve-

ments in lighting will come in the form of hardware (e.g., lighting components such as resistors and LEDs),

or software (e.g., efficiency and image quality improvements due to automated lighting adjustment).
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The Quantitative Evaluation of Micro-Patterned Robotic Wheels in a

Controlled Static Environment

Despite revolutionary advances in many fields of medicine, there are no active mobile in vivo devices

commercially available, or in use, today. Several research groups are actively investigating mobility methods

in a variety of biological lumens, but little commercial work has been done. While robotic surgery is available

today thanks to ex vivo robots such as the da Vinci surgical system, these methods are very expensive, require

heavy external equipment, and are still constrained by entry incisions. An alternative approach may be to

place the robot completely inside the patient. Such devices may enable non-invasive imaging and diagnostics.

These devices may be significantly less expensive than current minimally invasive methods, without extensive

support equipment, which may allow them to be also used routinely in the emergency room (ER)/trauma

sites and remote locations. This study explores micro-patterned treads that may enable mobile capsule

crawlers inside the body. Current research efforts into providing contact locomotion using micro-patterned

treads are explored including initial drawbar force generation experimental results, dynamic finite element

analysis with these tread designs, and in vivo porcine evaluation and comparison of two leading tread designs.

2.1 Introduction

The use of endoscopic devices to diagnose and treat a range of GI complications has recently grown;

though minimally invasive exploratory and surgical procedures within the gastrointestinal tract are currently

limited to endoscopic techniques. When utilizing an endoscopic device, the surgeon has two options of

entering the gastrointestinal tract; through the oral cavity, down the esophagus, through the stomach and
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into the small intestine via the duodenum, or through the anus, through the rectum, and into the colon and

large intestine. A long “push” endoscope entering the oral cavity can reach mid-small intestine, while an

endoscope entering the anus can only reach the distal part of the small bowel. This leaves a section of the

small intestine that is inaccessible by endoscope. The PillCam is a device that contains an imaging system

which is swallowed by the patient. Although the PillCam can visualize the entire GI tract, it is a passive

device, and therefore cannot be maneuvered through the tract.

The focus of this research was not to further develop the endoscopic system, but rather to begin to

design a locomotion system for an active mobile device that can be placed completely inside the patient

and that can provide mobility in both insufflated and collapsed lumens and cavities. This in vivo device,

equipped with cameras and other sensors, could locate the surgical site of interest after performing diagnostic

scans of the region. Therapy would be provided in the form of biopsy, or tissue dissection. Such an in vivo

robot could ultimately be swallowed, deployed off of the end of an endoscope, or injected with a syringe. The

long-term objective of this work is to develop very small mobile devices for in vivo diagnostics and therapy.

This will require:

(1) design of contact locomotion systems

(2) design and implementation of micro sensors (e.g., fluid flow, pressure, vision, pH)

(3) therapy at the surgical sites.

The short-term goal of this research is to design initial contact locomotion candidate systems and implement

them into a capsule device for preliminary surgical evaluation in an animal model. Here, these preliminary

tread designs are discussed, and current research efforts into providing contact locomotion using micro-

patterned treads are explored. Initial drawbar force generation data using such tracks are presented, dynamic

numerical modeling results are described, and early in vivo results are discussed.
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2.2 Background

2.2.1 Robot-Assisted Minimally Invasive Surgery

Minimally invasive surgery (MIS) is a broad encompassing term that includes keyhole type procedures

from orthopedic joint repair to cardiac stent placement. MIS reduces collateral trauma by using tools inserted

into the body through small incisions, which allows the patient to recover and resume a normal lifestyle

quicker.

Laparoscopic MIS has been advanced by the introduction of the da Vinci surgical system by Intuitive

Surgical, Inc. in the early 2000s. The da Vinci system is a tele-robotic system, which consists of four robotic

arms (external to the patient) that hold the laparoscope camera and instruments. The advantages of such

surgical robotics include hand tremor reduction, additional articulations in surgical instrument end effectors,

corrections for motion reversal, and motion scaling. However, since a da Vinci system is an extension of

laparoscopy, it also suffers the inherit disadvantages of laparoscopy. First, these robots are situated outside

the patient and thus remain subject to the dexterity limitations imposed by the use of long tools inserted

through small incisions. Most studies suggest that current externally situated robotic systems offer little or no

improvement over standard laparoscopic instruments in the performance of basic skills [82, 83]. Furthermore,

a limited range of motion for the robotic camera can still result in obstructed or incomplete visual feedback.

Finally, a da Vinci system carries a significant price tag of approximately $1.5M (plus required inspection and

scheduled maintenance costs), which limits such a system to be available only to larger hospitals. Currently,

there are efforts focusing on developing next generation robots that improve mobility and sensing capability

while reducing complexity and cost [84, 85, 86, 87, 88].

2.2.2 In Vivo Laparoscopic Robots

As shown by the da Vinci system, the use of robots in MIS offers advantages, but these are limited

when situating the robot outside the body. An alternative approach is to build smaller, low-cost, robotic

devices or in vivo robots that can be placed inside the patient and near the surgical site.

A number of research groups are working on in vivo robotic devices for use in minimally invasive
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surgery. For example, a proof-of-concept design of an in vivo stereoscopic imaging system has been described

by Miller in vivo [89]. A second generation single camera pan and tilt prototype based on this initial concept

is described in Hu in vivo [90], and is currently being evaluated in ex vivo and in vivo tests. Finally, the

HeartLander robot employs a suction-based drive to move across the surface of the beating heart [91, 92].

Others have previously developed a family of in vivo fixed-base and two-wheeled mobile robots (30

cm3), and demonstrated that they can successfully operate within the insufflated abdominal cavity [93].

These robots have been used to enhance the ability of laparoscopic surgeons to visualize the surgical field

[94, 95], and to obtain tissue samples during a single-port liver biopsy in a porcine model [96].

2.2.3 In Vivo Gastrointestinal Robots

While this work has shown that in vivo mobility is possible, some such designs will be ineffective

in uninsufflated cavities and cylindrical lumens (i.e., GI tract) where fundamentally different mobility ap-

proaches and designs are needed. In addition, insufflation in remote/trauma situations is extremely limited

due to lack of equipment, and especially in cases where cavity trauma wounds may prevent proper sealing.

Thus, an in vivo robot must also be able to traverse an uninsufflated cavity in order to be effective in

remote/trauma environments.

The simplest such developed in vivo robotic mechanisms for the GI tract have been maneuverable

endoscopes for colonoscopy and laparoscopy [97, 98]. These devices possess actuators to rotate the endoscope

tip after it enters the body. Other in vivo robots have been developed to explore hollow cavities (e.g., the

colon or esophagus) with locomotion systems based on inch-worm motion that use a series of grippers and

extensors [99], rolling tracks [100], rolling stents [101], or the rotational motion of a spiral-shaped body

[102]. These devices apply radial pressure to the walls of the hollow cavities they explore. Dario et al. have

recently described an endoscopic pill with an active locomotion system that uses legs to push against the

gastrointestinal walls [103, 104, 18], a system that uses an external magnetic field to move the device through

the intestine [38], a system that combines the two aforementioned systems [24], and a clamping system that

uses shape memory alloys [105]. Additionally, Harada et al. have described a modular robot that enters the

body in subsections through the mouth, assembles itself within the gastric cavity for a surgical task, and
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then disassembles itself upon completion of the task for natural excretion [106].

2.2.4 Contact Locomotion

The current work presented here focuses on tread-tissue interaction for wheel- or tank-based locomo-

tion devices with simple drive trains. Such results could be applicable to other contact locomotion systems

(i.e., wheels, tracks, inch-worms, etc.), in a multitude of cavities (abdominal, gastrointestinal, cardiac, pleu-

ral, etc.), for a variety of devices (in vivo robots, deployed colon and esophageal scopes, etc.).

A mobile robot moving inside a collapsed lumen or insufflated cavity can be viewed in the general

context of tread-surface interaction. Tread-surface interaction has been studied extensively in the robotics

and automotive communities in the context of vehicle-terrain interaction. While these passenger car tire

studies can yield insight into some aspects of tread-tissue interaction, the locomotion on deformable, fragile

tissue involves rather different physical phenomena which are expected to yield different tread layouts. Based

on previous findings, we began this research effort by exploring novel contact methods and tread materials

that could ultimately enable locomotion in uninsufflated cavities, while maintaining a small footprint to

conserve onboard space.

2.3 Micro-patterned Treads

2.3.1 Introduction to Micro-patterned Treads

Researchers at Carnegie Mellon University [107, 108, 109] have developed a method for anchoring a

capsule robot in the GI tract. In their work, they use polydimethylsiloxane (PDMS) to coat the legs of their

anchoring device. Traction is improved further by forming micropillars on the surface of the PDMS. They

showed that dry PDMS with a micropillar pattern produced 50-100% more traction than flat surfaces. They

also coated the PDMS with a thin silicon oil layer, which resulted in as much as a 400% friction improvement.

Thus, it was believed that if a thin layer of micro-patterned PDMS was applied to the wheels, or treads, of

an in vivo mobile robot an increase in friction traction could result.

The preliminary PDMS tread pattern tested was derived from an optimized anchoring design [107]

consisting of 140 µm pillars with less than 1:2 aspect ratio (i.e., height to width) and 105 µm equidistant
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spacing. In addition to testing this equally spaced circular pillar design, treads consisting of various other

patterns (evenly spaced, straight rows, slanted rows) of circular and square pillars as well as a smooth surface

(no pillars) were tested for a total of six tread patterns.

Two of the other five patterns included circular pillars with 140 µm diameter and a 1:2 aspect ratio

(height to width). The straight row tread had rows of 245 µm spaced pillars. The rows were spaced 534 µm

apart, and oriented perpendicular to the circumference of the wheel. The slanted row tread (helical pattern

when wrapped around a wheel) had rows of pillars spaced 245 µm apart. The rows had a perpendicular

spacing of 534 µm and were oriented 30◦ from a line perpendicular to the circumference of the wheel.

Square pillars were integrated into two addition tread designs. The first square pillar pattern (Fig.

2.1) had 110 µm pillars with a 1:2 aspect ratio with 102 µm vertical spacing and 135 µm horizontal spacing.

The second square pillar pattern had square pillars rotated at 45◦ (rhombus) so that the corners of the

square were facing in the direction of travel. The sides of the square were 330 µm, and the edge-to-edge

spacing was 127 µm. The sixth tread tested was smooth PDMS, with no pillars.

Figure 2.1: Optical microscope view of micro-tread pattern with 1:2 aspect ratio (height:width)

The PDMS treads were fabricated using a micro-mold constructed from silicon wafers (Fig. 2.2a) with

SU-8 photo-resist. To make the mold, SU-8 2075 photo-resist was poured onto a 7.62 cm circular silicon

wafer (Fig. 2.2b). The wafer was then spun at 500 RPM for 10 s at an acceleration of 100 RPM/s and then
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ramped to 3000 RPM for 30 s at an acceleration of 255 RPM/s. The wafer was baked for 5 min at 65 ◦C

and 9 min at 95 ◦C. The tread pattern was transferred from a chrome mask to the SU-8 photo-resist using

a mask aligner and exposure to ultraviolet (UV) light (Fig. 2.2c). The mask had a chrome printout of the

five tread patterns on it. As the SU-8 mold was exposed to UV light, the SU-8 partially cured. The pattern,

which was blocked by the mask, remained uncured. After UV exposure, the wafer was baked again using

the same times and temperatures above from the first bake. The wafer was submerged in SU-8 developer for

7 min. The developer washed away the uncured SU-8, producing the mold (Fig. 2.2d). Then 2.25 mL of

liquid PDMS was poured into the SU-8 micro-mold to create a 0.5 mm thick sample (Fig. 2.2e). Once cured,

the PDMS was peeled from the mold (Figs. 2.2f and 2.3), and cut into 6 mm wide strips. The strips were

glued on 5 mm outer diameter steel hubs that were 8 mm wide using Loctite precision super glue. These

micro-patterned coated hubs were then experimentally tested for drawbar force generation performance.

2.3.2 Micro-patterned Tread Testing Device

To test traction performance of a number of different tread patterns, on a number of different mate-

rials, a laboratory benchtop testing apparatus was designed and fabricated (Figs. 2.4 and 2.5). Using this

apparatus, any number of different tread coated hubs could be evaluated on any number of materials by

varying the normal load (i.e., weight of the hub), and wheel torque while measuring the resulting generated

drawbar force. The testing apparatus featured a rotational axle, 4.5 mm in diameter, to accommodate the

removable PDMS coated hubs, which made contact with interchangeable surface materials. The rotational

axle was driven by a belt connected to a direct-current motor (0615 C 4,5S) with a factory installed pre-

cision gearhead (06/1 from FAULHABER) that provided a 64:1 gear reduction. The rotational axle and

wheel hub were on a pivoting arm to enable changes in applied normal force (i.e., robot or wheel weight).

The rotational axis was 12.7 cm from the pivot point. The pivoting arm was attached to a 20.3 cm lever

that would apply pressure to a load cell (ESP4-1 KG, Load Cell Central) located 12.7 cm above the pivot

point as drawbar force was generated. The testing apparatus was controlled by a custom software program

(LabVIEW) that moved the wheel axle by setting prescribed power input while simultaneously recording

drawbar force measured by a load cell, and applied current and voltage to the motor. In the initial tests
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Figure 2.2: Micro-mold photolithography fabrication technique. (a) A circular (7.62 cm diameter) silicon
wafer was used as the base for the mold. (b) SU-8 2075 photo-resist was spun onto the silicon wafer. (c) A
chrome mask was aligned onto the SU-8 and exposed to ultraviolet (UV) light. (d) The wafer was submerged
under developer solution to dissolve the unexposed SU-8. (e) Polydimethylsiloxane (PDMS) was poured into
the mold and cured. (f) The cured PDMS was peeled from the mold to expose the micro-pattern.

Figure 2.3: Profile view of micro-patterned PDMS with 100X magnification
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presented here, focus was placed on looking at the results from static drawbar tests (i.e., measured maximum

drawbar force at the point of sustained slippage). Future work will include dynamic tests where the material

is moved relative to the wheel to induce slip in a controlled manner as various slip ratios are studied.

Figure 2.4: Benchtop testing platform schematic for evaluating micro-patterned treads in a static controlled
environment

Test preparation included sliding the wheel hub on to the tapered axle for a frictional fit. The test

material (Simulated Tissue, TSS-10, Simulab Corporation, Seattle, WA) was placed on the platform, and

four normal forces (0.10 N , 0.20 N , 0.30 N , and 0.53 N) were applied sequentially to the axle by adding

or removing weights from the horizontal pivoting arm (Fig. 2.4). During each test, the voltage to the

motor driving the axle was ramped at a rate of 0.1 V/s. As voltage ramping occurred, the wheel would

rotate slightly without slipping, and cause the soft material to deform. Upon further ramping, the wheel

would momentarily slip slightly, but then immediately regain traction (Fig. 2.6). The test was terminated

at the point of sustained slippage. Each test would last approximately 15 s, from voltage ramp initiation

to sustained slippage. Voltage to the motor, current drawn by the motor, and drawbar force produced at

the load cell were time-stamped and collected at 1 kHz by the custom software program, and the force

produced at the wheel/tissue interface was calculated based on the pivot arm geometry. Each of the six

tread patterns was individually tested with each weight five times on the synthetic tissue (Simulated Tissue,

TSS-10, Simulab Corporation, Seattle, WA) for a total of 120 tests.
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Figure 2.5: Close-up view of the laboratory benchtop testing platform

Figure 2.6: Typical trial results of micro-patterned PDMS on synthetic tissue
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2.3.3 Preliminary Micro-patterned Tread Results

An example of a typical trial is shown in Fig. 2.6. The raw power and force data are plotted against

a percent of the total time. As the voltage was ramped, the current to the motor increased. The first

significant force recorded occurred approximately 70% into the test. As the power continued to increase,

the drawbar force generated also increased. The input power signal was uniform, while the measured force

signal included some noise that was filtered during data processing.

The critical point within the test was the point of sustained slippage. To find this point in the

data set, the motor power was plotted against the percent of total trial time. As the wheel was holding

traction, but nearing slipping, the current draw of the motor increased as well as the input power. Once the

wheel reached the point of continuous slip, the motor was relieved of the resistance, and the power usage

immediately decreased. To locate the point of sustained slippage, a sudden decrease in current was located

in the data set. The maximum static drawbar force generated corresponds with this maximum current and

power input at the wheel prior to slipping continuously. Representative drawbar test results for varying

normal forces including 0.10 N , 0.20 N , 0.30 N , and 0.53 N are shown in Fig. 2.7 (equally spaced circular

pillars).

Figure 2.7: Test results for varying normal forces (equally spaced circular pillars)

Using the input voltage and current, electrical motor input power was calculated. The power and
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drawbar force data for the five trials for each tread pattern were filtered, averaged, and divided into two

categories: treads with circular pillars (Figs. 2.8-2.11), and treads with alternative pillar shapes (Figs. 2.12-

2.15). The three types of circular treads included: (1) equally spaced (equidistant), (2) straight rows, and

(3) helical rows (at 30 ◦C). The three types of other treads tested were: (4) square treads, (5) rhombi (or

diamond shaped treads that were equivalent to square treads rotated 45 ◦C), and (6) flat no pattern treads.

The recorded mean drawbar forces for each tread pattern were plotted against input power on two different

graphs, one for each category with error bars showing maximum and minimum drawbar force values. Results

are condensed in Table 2.1.

Figure 2.8: Drawbar force results for patterns of circular pillars at 0.10 N normal force

For all normal forces, the results of the circular pillar comparison revealed two trends. The equally

spaced pattern produced a larger maximum drawbar force at the slipping point than both the helical and

straight row patterns. Similarly, the straight row pattern produced a larger maximum drawbar force at the

slipping point than the helical row pattern The maximum drawbar force to normal force ratio was compared

between the three circular pillar patterns, and for each normal force, the equally spaced pattern had a higher

ratio than both the helical and straight row patterns. Similarly, the straight row pattern had a higher ratio

than the helical row pattern.

The square and rhombi patterned treads performed similarly to the circular helical and circular straight
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Figure 2.9: Drawbar force results for patterns of circular pillars at 0.20 N normal force

Figure 2.10: Drawbar force results for patterns of circular pillars at 0.30 N normal force
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Figure 2.11: Drawbar force results for patterns of circular pillars at 0.53 N normal force

Figure 2.12: Drawbar results for alternative shaped tread patterns at 0.10 N normal force
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Figure 2.13: Drawbar results for alternative shaped tread patterns at 0.20 N normal force

Figure 2.14: Drawbar results for alternative shaped tread patterns at 0.30 N normal force
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Figure 2.15: Drawbar results for alternative shaped tread patterns at 0.53 N normal force

Table 2.1: Maximum forces recorded during static testing

Tread Pattern
Maximum Maximum Drawbar/
Drawbar Input Normal
Force (N) Power (W) Ratio

0.10 N Normal Force
1) Equally spaced circular 0.08 0.14 84%
2) Straight rows circular 0.06 0.10 61%
3) Helical rows of circular 0.06 0.12 55%
4) Equally spaced square 0.09 0.10 85%
5) Equally spaced rhombus 0.07 0.14 75%
6) No pattern (flat) 0.12 0.15 118%

0.20 N Normal Force
1) Equally spaced circular 0.14 0.16 69%
2) Straight rows circular 0.10 0.11 50%
3) Helical rows of circular 0.09 0.13 46%
4) Equally spaced square 0.14 0.12 69%
5) Equally spaced rhombus 0.13 0.16 64%
6) No pattern (flat) 0.22 0.20 111%

0.30 N Normal Force
1) Equally spaced circular 0.21 0.20 71%
2) Straight rows circular 0.16 0.14 55%
3) Helical rows of circular 0.16 0.16 52%
4) Equally spaced square 0.18 0.16 61%
5) Equally spaced rhombus 0.21 0.19 69%
6) No pattern (flat) 0.34 0.23 113%

0.53 N Normal Force
1) Equally spaced circular 0.33 0.22 62%
2) Straight rows circular 0.30 0.18 57%
3) Helical rows of circular 0.25 0.18 47%
4) Equally spaced square 0.31 0.20 58%
5) Equally spaced rhombus 0.35 0.23 65%
6) No pattern (flat) treads 0.37 0.23 70%
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treads. Interestingly the smooth tread with no patterned pillars performed similar to the other treads as

power was increased but it generated the largest drawbar force before slipping. This possibly suggests that

an evenly distributed, or flatter tread, allows for the largest static force as the normal force is more evenly

distributed and not discretized with pillars.

All treads roughly followed the same force versus power curve (Figs. 2.8-2.15), but deviated towards

the top of the curve. The smooth tread was able to produce a larger drawbar force at a higher power, where

as the square pillar and rhombus pillar treads started slipping at a lower power while producing less force. In

addition to producing the largest drawbar force at the slipping point, the smooth tread displayed the largest

maximum drawbar force to normal force ratio, indicating that it is the most efficient tread design. The

success of the smooth tread could be attributed to the applied normal forces. The patterned treads may not

have experienced enough normal force to make the pillars useful. With too little normal force, the patterned

treads might have been bouncing on top of the tissue, instead of gaining traction. With less normal force, a

larger distributed contact surface area might have been the leading factor for success. With a large contact

surface area, and low normal force, the smooth tread might have had an advantage in this static testing.

Additionally, the success of the smooth tread could be attributed to the material surface environment. In

these tests, the synthetic tissue was dry. On a wet synthetic tissue surface, the patterned and smooth PDMS

treads might perform differently.

The results presented here for the equally spaced circular pillar tread results, were compared with

other results [18, 38, 24]. In those studies, a micro-patterned PDMS anchor was drug over tissue. The

static force measured was approximately 0.08 N with an applied normal force of 0.50 N . Thus, the results

presented here show similar drawbar forces.

The maximum drawbar force to normal force ratio was compared between all tread patterns. For all

tread patterns, the maximum ratio occurred at a normal force of 0.10 N (Table 2.1), indicating that all of

the treads are more efficient at the lower normal force.
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2.3.4 Numerical Modeling

Prior to animal surgical testing, both the treaded PDMS material and smooth PDMS material were

numerically modeled using Abaqus. The micro-patterned treads were modeled as 2D-planar pillars on top

of liver (Fig. 2.16). As the PDMS material is 40 to 150 times stiffer (depending on the modulus of PDMS,

which ranges from 360 kPa to 870 kPa) than tissue, the PDMS treads were modeled as solid, rigid bodies,

while the tissue was modeled using the viscoelastic properties of liver [110]. The pillars in the numerical

model were equally spaced (h = w = g = 100 µm), with an edge radius of 10 µm.

Figure 2.16: 2D-planar model of PDMS micro-patterned treads on tissue (using properties of viscoelastic
liver)

Constant normal (FN = 0.24 N) and horizontal (FH = 0.07 N) forces were applied to the treads (Fig.

2.16) during the simulation. The output of the simulation was horizontal tread displacement as a function of

time. An optimal tread would be one that has minimal horizontal movement throughout the simulation (good

traction), while a poor performing tread would have significant horizontal motion throughout the simulation

(poor traction). The simulation was repeated with identical normal and horizontal forces for smooth (no

pillars) PDMS. The duration of each simulation was one second. The results of the two simulations are

shown in Fig. 2.17.

The smooth wheel had significantly more horizontal motion during the simulation, thus indicating

an inferior performance when compared to the patterned model in this dynamic simulation. The patterned
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Figure 2.17: Results of the numerical simulation using Abaqus. The micro-patterned tread (bottom) performs
superior to the smooth tread (top)
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tread moved minimally, suggesting that the patterned wheel would perform superior to the smooth wheel

on liver.

In addition to comparing the performance of smooth and patterned PDMS treads on viscoelastic liver,

a simulation was performed to investigate the effect of pillar density on tread performance. A second, higher

density model, with a tread size reduced by 50% (h = w = g = 50 µm), was compared with the 100 µm

spacing model. Both simulations included the same pillar surface area, lasted for 1 s, and had identical

constant applied normal and horizontal forces. The results of the density simulations are shown in Fig. 2.18.

Figure 2.18: Results of the pillar density simulation. The low density pillars (top) had a larger horizontal
displacement during the simulation than the high density pillars (bottom)

The high density pillars had less horizontal movement during the simulation, thus indicating a superior

performance when compared to the low density pillars. The results of this test would suggest that the higher

the pillar density for a given tread, the more traction that tread will provide on liver, though these results

have not yet been confirmed experimentally.

2.3.5 In Vivo Results

The results of the dynamic numerical model on viscoelastic liver suggested that the wheels would

perform differently in a dynamic, in vivo, environment than they had during the static benchtop tests on

dry synthetic tissue. To better understand the tread performance, a simple robot was fabricated to test

the theory in vivo. The robot, shown in Fig. 2.19, was constructed using aluminum. The robot had two
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wheels, each with an identical surface area and evenly distributed weight. Each wheel was powered by an

identical FAULHABER motor with a 64:1 FAULHABER gear head. Each motor was capable of clockwise

and counterclockwise motion, creating a tank-like steering environment. The robot was tethered to provide

power and control communications. The symmetrical robot was 19 mm in diameter, 110 mm long, and

weighed 50 g. The center of mass of the robot was in its middle, so the normal force of each wheel was

identical. One of the wheels was coated with smooth (no pattern) PDMS, while the other wheel was coated

with patterned (equally spaced circular pillars) PDMS.

Figure 2.19: Two-wheeled robot used for in vivo comparison of micro-patterned versus smooth wheels

The robot was placed in an insufflated abdomen of a live anesthetized porcine (pig) model. The robot

wheels were activated, and it was immediately apparent that the patterned wheel performed superior to

the smooth wheel. The robot was placed on a variety of different tissues including small bowel (Fig. 2.20),

stomach, and liver (Fig. 2.21). The wheels performed similarly on all tissues: the patterned wheel had

sufficient traction to move the robot on all tissues, while the smooth wheel generally spun freely with no sign

of traction. These mobility tests were administered for approximately 15 min on all tissues in the abdominal

cavity.
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Figure 2.20: in vivo robot on porcine small bowel (view from laparoscope)

Figure 2.21: in vivo robot on porcine liver (view from laparoscope)
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2.4 Conclusions

In this work, treads with micro-patterns of varying geometries and spacing were tested using a static

open-loop testing apparatus. The treads were tested to compare their drawbar force on dry synthetic tissue as

a starting point. It was found that a smooth PDMS tread outperformed all other tread patterns. There were

no significant differences between the performance of square and circular pillars. Of the patterns featuring

circular pillars, an equally spaced configuration performed superior to the other configurations.

Dynamic numerical modeling was also performed to further investigate the tissue-tread interaction.

Treads were modeled as 2D-planar solid, rigid bodies on viscoelastic liver. The results of the simulations

suggested that a patterned tread would perform superior to a smooth wheel in vivo.

An in vivo comparison of a smooth PDMS covered wheel and a patterned (equally spaced circular

pillars) PDMS covered wheel was performed, and the patterned wheel outperformed the smooth wheel.
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Chapter 3

The Quantitative Evaluation of Micro-Patterned Robotic Wheels in a

Controlled Dynamic Environment

In this chapter, an experimental platform is developed to quantitatively measure the performance

of robotic wheel treads in a dynamic environment. The platform imposes a dynamic driving condition for

a single robot wheel, where the wheel is rotated on a translating substrate, thereby inducing slip. The

normal force of the wheel can be adjusted mechanically, while the rotational velocity of the wheel, and the

translational velocity of the substrate can be controlled using an open-loop control system. Wheel slip and

translational speed can be varied autonomously while wheel traction force is measured using a load cell.

The testing platform is characterized by testing one micro-patterned PDMS tread on three substrates (dry

synthetic tissue, hydrated synthetic tissue and excised porcine small bowel tissue), at three normal forces

(0.10 N , 0.20 N and 0.30 N), 13 slip ratios (−0.30 to 0.30 in increments of 0.05) and three translational

speeds (2 mm/s, 3 mm/s and 6 mm/s). Additionally, two wheels (micro-patterned and smooth PDMS) are

tested on beef liver at the same three normal forces and translational speeds for a tread comparison. An

analysis of variance revealed that the platform can detect statistically significant differences between means

when observing normal forces, translational speeds, slip ratios, treads and substrates. The variance due to

within (platform error, P = 1) and between trials (human error, P = 0.152) is minimal when compared

to the normal force (P = 0.036), translational speed (P = 0.059), slip ratio (P = 0), tread (P = 0.004)

and substrate variances (P = 0). In conclusion, this precision testing platform can be used to determine

wheel tread performance differences on the three substrates and for each of the studied parameters. Future

use of the platform could lead to an optimized micro-pattern based mobility system, under given operating
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conditions, for implementation on a robotic capsule endoscope.

3.1 Introduction

Currently, the most popular minimally invasive method of exploring and treating the GI tract is

through the use of an endoscopic device. Traditional endoscopes (long flexible tubes) have disadvantages,

such as size, surgeon disorientation due to the twisting and arduous GI tract, and the potential to perforate

the bowel [111]. Recent research efforts have been focused on improving this MIS method through the use

of robotics.

3.1.1 In Vivo Gastrointestinal Robots

Recently, there has been a move to improve endoscopic technology by moving away from the long

flexible tube and towards a small, pill-sized capsule, termed CE. The most advanced CE commercially

available today is the PillCam, a device that contains an imaging system, which is swallowed by the patient.

Although the PillCam can visualize the GI tract, it is a passive device that relies on the slow peristaltic

motion of the bowel for forward movement and therefore cannot be maneuvered. For patients with Crohns

disease (an inflammatory bowel disease diagnosable by PillCam), 5% of PillCam procedures result in capsule

retention [112, 113]. This results in required surgical removal of the PillCam. One way to improve this

statistic would be to introduce the ability to actively maneuver the CE while inside the GI tract.

To improve the passive capsule endoscope, several research groups are attempting to implement an

active locomotion component in the design. Previous research [114] has shown that wheeled robots with

micro-patterned treads (Fig. 3.1) are a promising method for in vivo robotic mobility.

Some in vivo robots have been developed to explore hollow cavities (e.g., the colon or esophagus)

with locomotion systems based on inch-worm motion that uses a series of grippers and extensors [99], rolling

tracks [100], rolling stents [101], or rotational motion of a spiral-shaped body [102]. These devices apply radial

pressure to the walls of the hollow cavities they explore. Dario and co-authors describe a capsule endoscope

with an active locomotion system that uses legs to push against the gastrointestinal walls [103, 18], a system

that uses an external magnetic field to move the device through the intestine [38], a system that combines the
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Figure 3.1: An isometric view of the micro-patterned polydimethylsiloxane (PDMS) wheel tread used in this
work.

two aforementioned systems [24], and a clamping system that uses shape memory alloys [105]. Additionally,

Harada et al. described a modular robot that enters the body in subsections through the mouth, assembles

itself within the gastric cavity for a surgical task, and then disassembles itself upon completion of the task

for natural excretion [106]. Our group is exploring micro-patterned treads for robotic capsule endoscopy

[17].

3.1.2 Micro-patterns for Friction Enhancement

Micro-patterning for friction enhancement stems from a biological phenomenon found on the feet of

various animals. Terrestrial animals have evolved to develop one of two different micro-patterns on the pads

of their feet to enhance friction for locomotion on a variety of different substrates: hairy pads and smooth

pads [115, 116]. Both types of pads are able to match the surface structure of their respective substrates,

maximizing the contact surface area, and thus increasing the frictional and adhesive properties of the feet

[117, 118]. Micro-patterned PDMS has been used as an anchoring method for a capsule robot [107, 108, 109].

Most recently, Buselli et al. have placed micro-patterned pads on the ends of the legs of the device in [103, 18]

to enhance the friction at the leg-tissue interface [119].

The purpose of this research is to develop a testing platform capable of differentiating between the

performances of various wheel treads, under various operating conditions. In this study, one micro-patterned

wheel tread (based on the micro-pattern from [107]) is compared against a smooth wheel of identical material
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(PDMS).

3.2 Background

To develop a capsule endoscope with wheels or rolling treads as an active mobility system, a method

of measuring the relative performance between wheel treads is necessary. The purpose of this research is to

develop and characterize a testing platform which will be used to quantitatively measure the performance

difference between treads on various substrates and under multiple dynamic conditions by measuring a

lumped traction force produced by a tread. The testing platform will investigate dynamic parameters such

as normal force, translational speed, and rotational speed. In order to ensure that the platform is sensitive

enough to differentiate between wheel treads on each substrate and at various dynamic parameters, an error

analysis of the system will be performed.

Others have developed and used devices for physical measurements on biological tissue specimens. For

example, Glass et al. used two devices to measure the friction force of micro-patterned PDMS on tissue [109].

The first device measured dynamic friction on a flat tissue sample while the second device measured static

friction in a lumenal tissue sample. While these devices were able to detect differences in micro-patterns,

they were not capable of varying slip due to the fixed tissue samples. Terry et al. developed a device to drag

various materials across tissue samples to measure friction force [120]. Although this device was capable of

varying drag speeds, it was incapable of varying slip as the tissue substrate was fixed.

A device was developed in [93] which was capable of inducing slip by both rotating and linearly

translating a wheel across a fixed tissue substrate. The device was capable of detecting differences in

drawbar force for wheels with large mechanical grousers. However, no results were presented for varying

translational speeds.

The device presented here in this chapter is capable of inducing various slip ratios at multiple trans-

lational speeds and normal forces. The device is capable of detecting traction force differences for various

micro-patterned wheel samples and biological substrates.
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3.3 Design of Benchtop Testing Platform

To evaluate the performance of each of the micro-patterned wheels, a custom benchtop testing platform

was designed (Fig. 3.2). The testing platform needed to evaluate each wheel on multiple substrates at various

predetermined normal forces (i.e., robot weight, or in vivo pressures), and multiple velocity profiles. In order

to evaluate the micro-patterned wheels at varying velocity profiles, the testing platform needed to be both

rotationally and linearly dynamic (i.e., rotate the wheels while providing linear motion). In an attempt to

simplify the design the testing platform was designed to rotate a fixed wheel while translating the substrate

(i.e., a vehicle driving on a treadmill), which is dynamically synonymous to rotating a wheel while translating

it horizontally (i.e., a vehicle driving on the street).

The testing platform was constructed from an aluminum frame foundation. The frame supported two

main components: the linear drive system, and the rotational drive system. The linear drive system consisted

of a horizontal linear sliding platform (part iii in Fig. 3.2a), a linear stepper actuator (26DBM12D2B-L,

Portescap), and a linear potentiometer (LCP12B-50, ETI Systems). The driving screw of the linear actuator

and the wiper on the potentiometer were fixed to the sliding platform. When the linear actuator was

activated, the platform moved horizontally, which simultaneously moved the wiper on the potentiometer.

The rotational drive system consisted of a vertical pivoting bar (part i in Fig. 3.2a) and a horizontal pivoting

bar (part ii in Fig. 3.2a). The vertical bar was attached to the frame at point A (Fig. 3.2b) and hung freely.

The horizontal bar attached to the vertical bar at point D. A wheel was attached to an axle (into the page,

Fig. 3.2), on the right side of the horizontal bar. The axle also contained a timing pulley, which was driven

by a timing belt and a stepper motor (STH-39C804, Shinano Kenshi). The motor shaft was also fixed to

the wiper of a rotary potentiometer (132-0-0-103, Spectrol). When the rotary motor was activated, the

axle/wheel and wiper of the rotary potentiometer were driven. The linear and rotary motors were driven

using a stepper motor driver (ROB-10267, Sparkfun, Boulder, CO).

Upon activation of the linear actuator, the sliding platform moved with linear velocity ẋ (mm/s) (Fig.

3.2b, solid black arrow). Upon activation of the rotary motor, the wheel moved with an angular velocity θ̇

(rad/s) (Fig. 3.2b, solid black arrow). The wheel had a known radius r (9mm). The following combination
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Figure 3.2: A schematic of the benchtop testing platform components (a) and a schematic of the relevant
forces (dashed arrows) and displacements (solid black arrows) of the benchtop testing platform (b)
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of these parameters yielded a non-dimensional value termed slip ratio (rs).

rs = 1−
∣∣∣∣ ẋrθ̇
∣∣∣∣ (3.1)

Slip ratio was defined as the percent slip of the wheel on the substrate. Slip ratio can theoretically

vary between negative infinite and one. A slip ratio with a value of negative infinite

(
lim
θ̇→0

rs

)
is indicative

of a wheel that is not rotating but translating (i.e., pure sliding). A slip ratio with a value of one (ẋ = 0)

is indicative of a wheel with a finite rotational speed and no translational speed relative to the substrate

(i.e., a stationary vehicle performing a burnout). A slip ratio with a value of zero
(
ẋ = rθ̇

)
indicates that

the relative rotational and translational speeds of the wheel and substrate, respectively, are equivalent (i.e.,

pure rolling).

In the test platform, wheel traction force (FTraction) was a measured quantity, while normal force

(FNormal), or robot weight, was a controlled quantity (Fig. 3.2b, dashed arrows). A preliminary test value,

0.20 N , for the normal force was derived from in vivo GI peristaltic force measurements [120]. In the

interest of understanding the behavior of the treads at higher and lower normal forces, three test weights

were chosen: 0.10 N , 0.20 N , and 0.30 N . The normal force at the wheel was adjusted by the addition or

removal of counterweights (Fig. 3.2a). The normal forces were calibrated by placing a load cell force sensor

(ELFM-T2E-25L, Entran) under the wheel. The horizontal bar was leveled and the load cell was monitored

in real-time using a custom software program (LabVIEW). Counterweights were adjusted until the desired

normal forces were achieved within 0.005 N . As a wheel rotates on its substrate, it will produce a horizontal

drawbar, or traction, force. The horizontal force produced by the test wheel was transferred to a load cell

(ESP4-1 KG, Load Cell Central) through the rigid horizontal and vertical bars. The traction force generated

at the wheel was magnified by a factor of three by the vertical lever (part i. in Fig. 3.2a). The wheel on the

testing platform was driven clockwise, applying a rightward pull force on the load cell. The vertical bar was

attached to the load cell using a cable, as the force it produced on the load cell was a close approximation

to a point load. Attaching the vertical bar to the load cell using a rigid connection created larger variability

in the data. The load cell was preloaded by tensioning the cable (pulling the vertical bar towards the load

cell) in order to ensure that negative traction forces could be measured, where the wheel was being dragged.
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A linear solenoid was installed at the top of the frame to automate the testing process. The solenoid

was vertically connected to the horizontal bar by a string. When the solenoid was inactive, the string was

slack, and the wheel rested on the substrate. When the solenoid was activated, the string became taught and

lifted the wheel off of the substrate. After each trial, the testing platform was reconfigured. As the linear

tray and wheel were being reset to their original positions, the solenoid was activated, lifting the wheel and

preventing contact during reset. Once the platform was reset, the solenoid was deactivated which caused

the wheel to regain contact with the substrate, and the test platform was ready for the next trial.

Due to variations in substrate thickness, occasionally the horizontal bar tilted, leading to offsets in

applied normal force and measured traction force. To measure this tilting angle, an accelerometer (SEN-

09652, Sparkfun Electronics) was installed on the horizontal bar to constantly monitor tilt. If the variation

in the tilt of the bar was significant throughout the tests, these data would be used to calibrate the results.

The sliding platform had an aluminum tray fastened to the top of it to accommodate the substrate.

The aluminum tray had a recessed area (82mm× 40mm× 5mm) to help contain a substrate sample (e.g.

synthetic tissue, or porcine intestine). In the case of a synthetic tissue sample, the sample was thick enough to

be placed by itself in the recessed area. In the case of a porcine intestine sample, the tissue was thin ( 3 mm)

enough that a substrate base was needed to more accurately mimic an in vivo environment, where tissues

lie on multiple other tissues. To accomplish this, a custom water-filled latex bag (82mm× 40mm× 4mm)

was fabricated and placed in the recessed area as a base substrate for porcine intestine samples (Fig. 3.3).

3.4 Experimental Setup

The treads were evaluated using large wheels (relative to tank tread size of future RCEs). The large,

18 mm diameter, wheels helped to increase the signal to noise ratio of the system. The micro-patterned wheel

was tested on three substrates, dry synthetic tissue (Simulab, Seattle, WA), hydrated (0.9% phosphate buffer

solution) synthetic tissue, and excised porcine small bowel. An automated testing procedure was designed

to induce thirteen different slip ratios (−0.30 to 0.30 in increments of 0.05) at three translational speeds

(2 mm/s, 3 mm/s and 6 mm/s). The automated testing procedure was repeated 5 times at each normal

force (randomized) so that human error from changing the counter weights was introduced and could be
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Figure 3.3: Experimental setup for the dynamic benchtop testing platform characterization (excised porcine
intestine pictured)
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accounted for in the error analysis. Then, one automated testing procedure at each of the three normal forces

was performed with the micro-patterned and smooth PDMS wheels on previously frozen beef liver. Beef liver

was used for the tread comparison due to its availability over porcine intestine and relatively similar material

properties. A statistical analysis was performed to determine the largest source of error (within trials or

between automated tests) and if the variance due to error was less than the variance between parameters

(tread, normal force, speed, substrate, and slip ratio).

3.4.1 Automated Testing Procedure

A custom software program (LabVIEW) was designed to run the testing platform through thirteen

different slip ratios (−0.30 to 0.30 in increments of 0.05). Each set of slip ratios was run at a constant linear

speed (i.e., the rotational speed was changed), and repeated three times at incrementing linear speeds (2

mm/s, 3 mm/s and 6 mm/s). Each slip ratio/linear speed combination was repeated consecutively for a

total of five automated trials. After one automated procedure (13 slip ratios, 3 speeds and 5 trials for a total

of 195 trials) the normal force was physically changed and the automated procedure was repeated. This

continued until 5 automated procedures had been completed at each of the three normal forces. The above

procedure was then repeated for each of the three substrates.

One single trial consisted of a combination of a tread, normal force, slip ratio, linear speed and

substrate. During a trial, load cell data (1 kHz, 24-bit resolution), linear potentiometer, rotary potentiometer

and accelerometer (1 kHz, 14-bit resolution) data were collected. Data from the load cell was defined as the

traction force, while the linear and rotary potentiometer data were used to calculate induced slip ratio to

verify during post-processing that the actual velocities were equivalent to the desired velocities. Data from

the accelerometer was used to verify that the tilt on the horizontal bar remained constant throughout the

entirety of the experiment. The trial duration was 5 s, and data was collected through the entirety of that

time for a total of 5, 000 data points per transducer per trial.

Each time the user adjusted the platform (i.e., changed the normal force, tissue sample or wheel), the

preload on the normal force would be calibrated (to be subtracted from the data during post-processing).

Porcine bowel and beef liver tissue samples were changed after each automated procedure. No noticeable
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damage to the tissue was observed during the tests, and the order of normal force testing was randomized.

Tissue samples were preheated to room temperature prior to testing, kept hydrated throughout the entirety

of testing and secured to the platform using a clip to prevent lateral sliding (Fig. 3.3). Saline was periodically

(approximately every 3 min) sprayed onto the sample to keep the tissue hydrated.

3.4.2 Error Analysis

The traction data was organized into six groups for statistical analysis. The six groups were substrate

(dry synthetic tissue, hydrated synthetic tissue and porcine small bowel), normal force (0.10 N , 0.20 N and

0.30 N), translational speed (2 mm/s, 3 mm/s and 6 mm/s), slip ratio (−0.30 to 0.30 in 0.05 increments),

trial (5 within an automated procedure), and run (5 between automated procedures). A 6-factor ANOVA

was performed to reveal statistical differences between means.

Additionally, a statistical analysis was performed on two different treads (micro-patterned and smooth

PDMS). The two treads were tested on beef liver at the same three normal forces and translational speeds.

Each speed, normal force, tread combination was repeated for a total of 10 trials. The traction data measured

was organized into five groups for statistical analysis; tread (micro-patterned and smooth PDMS), normal

force (0.10 N , 0.20 N and 0.30 N), speed (2 mm/s, 3 mm/s and 6 mm/s), slip ratio (−0.30 to 0.30 in

0.05 increments) and trial (10 within an automated procedure). A 5-factor ANOVA was performed to reveal

statistical differences between means.

3.5 Results

3.5.1 Benchtop Evaluation

Raw data from a typical trial is shown in Fig. 3.4. The data includes a preload force of 0.45 N

explaining the relatively high value compared to the rest of the reported data (Fig. 5 and Fig. 6). Each trial

contained transient and steady-state responses. Only the steady-state force was of interest for this study, so

the transient data was removed from each trial by averaging the data from the settling time (ts, Fig. 3.4)

through the end of the trial (tf = 5 s, Fig. 3.4), where ts is the time required for the response curve to reach
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5% of the final (steady-state) value.

FTraction (ts)− FTraction (tf )

FTraction (tf )
× 100 = 5 (3.2)

Figure 3.4: Typical raw data (with preload force) from one trial from the benchtop testing platform load
cell. The data was post-processed by averaging the steady-state portion of each trial, and subtracting the
preload

The preload force (measured at the beginning of each automated run) was averaged and subtracted

from each trial. This force generally ranged from 0.40 N to 0.50 N . Traction force was first plotted against all

slip ratios to investigate the performance of the wheel on each substrate (Fig. 3.5). A subset of the traction

force data was plotted against speed and normal force at a slightly positive slip ratio of 0.15 (Fig. 3.6) to

condense the meaningful results. A slip ratio of 0.15 was chosen because it is a realistic value that might

be achieved by a functional robot, and an approximate value observed in porcine surgeries with prototype

RCEs [99, 108].

3.5.2 Error Analysis

The 6-factor ANOVA test revealed that with 95% confidence (p < 0.05) there is a statistically signifi-

cant difference between means when comparing different substrates, normal forces and slip ratios. With 90%

confidence (p < 0.10), there is a statistically significant difference between means when comparing different
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Figure 3.5: Micro-patterned PDMS wheel treads (cylindrical treads shown in Fig. 3.1) perform differently
on various substrates. Traction is dramatically reduced on real tissue samples compared to synthetic tissue
samples. Error bars are standard deviation. Data shown here is at a translational speed of 6 mm/s and a
normal force of 0.30 N

Figure 3.6: Traction force is directly proportional to robot translational speed and normal force. Data
plotted here was from a micro-patterned PDMS wheel tread (cylindrical treads shown in Fig. 3.1) on a dry
synthetic tissue substrate at a slip ratio of 0.15. Error bars are standard deviation.
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speeds. Additionally, with 95% confidence there is no statistically significant difference between means when

comparing automated trials and runs (i.e., the platform and human error).

The 5-factor ANOVA test revealed that with 95% confidence, there is a statistically significant differ-

ence between means when comparing different treads, normal forces, speeds, and slip ratios. Also, there is

no statistically significant difference between means when comparing the automated trials (i.e., the testing

platform error). P-values from both ANOVA tests are reported in Table 3.1.

Table 3.1: P-values from the 5- and 6-factor ANOVA tests

Quantity p-Value
Tread 0.004

Substrate 0.000
Normal Force 0.036

Translational Speed 0.059
Slip Ratio 0.000

Between Automated Runs 0.152
Between Trials within an Automated Run 1.000

3.6 Discussion and Conclusions

The purpose of this study was to determine if the described novel testing platform is able to detect

statistically significant differences when comparing different treads, substrates, normal forces, translational

speeds, and slip ratios despite error inherent to the testing platform within automated testing procedures

and error introduced by a human user from physically handling the system between automated runs (i.e.,

changing a normal force, tread or substrate). The 6-factor ANOVA test revealed that the variance due to

the lumped error in the system (within automated trials and between automated runs) was minimal when

compared to the variance from the induced parameters (normal force, translational speed, substrate, and

slip ratio). This is due to the relatively low P-values for substrate, normal force, translational speed and slip

ratio when compared to the P-values for between automated runs and between trials within an automated

run (Table 3.1). The data taken on beef liver and the subsequent 5-factor ANOVA test was used only for a

tread comparison on a real viscoelastic tissue. The 5-factor ANOVA revealed that the variance due to the

error inherent to the testing platform (within automated trials) was minimal when compared to the variance

of different treads. This is due to the relatively low P-value for tread when compared to the P-value for
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between trials within an automated run (Table 3.1). In other words, the system error is not large enough

to mask difference detection for the following parameters: tread type, substrate type, normal force amount,

translational speed and slip ratio.

Additionally, Fig. 3.5 and Fig. 3.6 reveal interesting preliminary trends in the data. In Fig. 3.6, it is

apparent that traction force is directly proportional to normal force and translational speed. The data shown

in Fig. 3.6 was taken from the micro-patterned PDMS tread (Fig. 3.1) on dry synthetic tissue at a slip ratio

of 0.15. This is a representative subset of the entire dataset. From the fundamental laws of physics, it makes

sense that traction force increases with normal force. However, it is interesting to note that traction force

increases with translational speed. This is likely due to the viscoelastic property of the synthetic and real

tissues, where the substrate modulus is strain-rate dependent. Fig. 3.5 reveals the difference in performance

of a micro-patterned PDMS wheel on three difference substrates. Due to the lubricating property of the 0.9%

PBS solution, it is no surprise that traction force decreases with hydration on synthetic tissue. Furthermore,

due to the slippery and softer viscoelastic properties of porcine bowel, it is also no surprise that traction

force is further decreased on the real tissue. Note that the traction force on viscoelastic porcine tissue is

negative until a slip ratio of approximately 0.15, whereas traction force on the more elastic synthetic tissue

becomes positive with positive slip ratios (Fig. 3.5). This can be explained by the differing viscous moduli of

the two substrates and a resulting drag force due to substrate deformation. Porcine intestine is more viscous

than the synthetic tissue and therefore absorbs more energy, inducing an added drag force on the front of

the wheel. This drag force requires a larger slip ratio to be balanced (rs ' 0.15) and overcome (rs > 0.15).

The resolution of the traction force data acquisition system is 0.002 N with a mean and max standard

deviation (within trials) of 0.0038 N and 0.037 N , respectively. This study has revealed that the described

novel testing platform is capable of detecting statistically significant differences in means for the following

five parameters: wheel tread, substrate, normal force, translational velocity, and slip ratio. Therefore, the

testing platform can be used in future work to quantitatively evaluate wheel tread performance on various

substrates, and at various normal forces and induced velocity profiles.
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The Design and Evaluation of an Automated Traction Measurement Platform

for Evaluating Micro-patterned Robotic Wheels in a Dynamic Environment

and Empirical Model for Predicting Traction Force

Colonoscopy is the leading preventative procedure for colorectal cancer. The traditional tool used

for this procedure is an endoscope, which can cause patient discomfort, pain and fear of the procedure.

There has been a movement to develop a robotic capsule colonoscope (RCC) in an attempt to mitigate these

drawbacks and increase procedure popularity. An RCC is a capsule robot that propels itself through the colon

as opposed to being pushed, like a traditional endoscope. In this work an overview of an in vivo RCC is given,

followed by the introduction of a mobility method for an RCC using micro-patterned polydimethylsiloxane

(PDMS). The design of a three degree-of-freedom (DoF) automated traction measurement (ATM) platform

for quantitative evaluation of the mobility method is presented. An empirical model for traction force as a

function of slip ratio, robot speed and weight for micro-patterned PDMS on synthetic tissue is developed

using data collected from the ATM platform. The model is then used to predict traction force at different

slip ratios, speeds and weights, and is verified experimentally. The average normalized root-mean-square

error (NRMSE) between the empirical model and the data used to develop the model is 1.1% (min 0.0024%,

max 4.2%). The average NRMSE between the traction force predicted by the model and the data used to

verify the prediction is 1.8% (min 0.020%, max 8.6%). Understanding how model parameters influence tread

performance will improve future RCC mobility systems and aid in the development of analytical models,

leading to more optimal designs.
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4.1 Introduction

Colorectal cancer (CRC) ranks third in incidence in the United States of all cancers for both men

and women, resulting in approximately 140, 000 estimated new diagnoses in 2013 [121]. It is also the third

deadliest cancer in the United States, accountable for approximately 50, 000 estimated deaths in 2013 [121].

The cumulative risk of CRC for people under the age of 74 is approximately 2% [122]. If detected during the

earliest stage, over 93% of CRC patients can survive. Unfortunately, less than 10% of CRC cases are detected

in the earliest stage [123]. To increase early detection rates, regular colon screening is highly recommended

for patients older than 50 years of age or for those who have a family history of CRC [124]. Colonoscopy

is the most effective method for colon screening due to the ability to visualize the colon, acquire immediate

biopsies, and remove cancerous polyps [125, 126], but screening rates remain low due to fear of the procedure,

patient discomfort, and invasiveness [127].

The tool used for a traditional colonoscopy is an endoscope consisting of a long, flexible scope, which is

inserted into the anus, advanced through the rectum and into the colon. Looping occurs when the distal end

of the scope does not advance in the colon, but the rest of the scope does, displacing the colon from its normal

configuration and stretching the mesentery muscles. It has been shown that looping is responsible for 90% of

the pain episodes in colonoscopy procedures and increases the chance of tissue damage and perforation [10].

In an attempt to decrease procedure invasiveness, which may decrease the patient’s fear of the procedure as

well as any pain caused by looping, there has been a movement away from scopes and a trend in research

toward development of robotic capsule colonoscopes (RCCs).

Passive capsules for gastrointestinal (GI) exploration have been FDA approved and commercially

available for almost one decade. State-of-the-art capsules include The PillCam, by Given Imaging Ltd., and

the EndoCapsule, by Olympus. These pill-shaped capsules are swallowed by the patient, and their onboard

imaging systems provide visual feedback to healthcare providers. The main limitation of these capsules is

their passive nature and thus the inability to control their position and orientation. This drawback has led

to the development of mobility systems for capsules within the research community. A capsule colonoscope

with an active locomotion system is termed RCC.
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This study details the mobility system of a robotic capsule colonoscope (RCC) developed by our

group, and a 3 degree of freedom (DoF) automated traction measurement (ATM) platform developed to test

the mobility system as the RCC design is continually improved. It is important to understand the traction

force that an RCC mobility system is capable of generating, so an empirical model was developed for traction

force as a function of RCC slip ratio, speed, and weight (discussed in Section 4.3.3) on synthetic tissue. The

empirical model is used to predict traction force at different robot speeds and weights on synthetic tissue

and is verified experimentally. This study builds upon the work published in [128], emphasizing the design

and development of the ATM platform, including an analysis of the measurement signal noise which was

not included in [128]. Furthermore, this work includes a modified empirical model with a more in depth

explanation of the development, analysis, presentation, discussion, and a practical application of the model

to a prototype previously developed in [17].

4.2 Background

The RCC developed by our group utilizes micro-patterned polydimethylsiloxane (PDMS) treads for

friction enhancement within the colon. To better understand the friction enhancement capabilities of the

PDMS and ultimately design more optimal tread patterns, the ATM platform was designed to evaluate

tread performance on various viscoelastic substrates and under various conditions and input parameters.

The automation is imperative to the study because it reduces the variability, especially for future studies

in which biological tissue will be used. The use of synthetic tissue over biological tissue in this study also

reduces variability.

4.2.1 In Vivo Robotic Capsule Colonoscopy

An RCC has the ability to self-mobilize, removing the need for a scope to be pushed manually,

which mitigates significant pressure against the walls of the lumen, or removing the need to rely on passive

locomotion of a capsule. Several mobility methods for RCCs have been pursued including legged [119], inch-

worm [107], and externally-linked magnetic [12, 129]. The legged capsules are mechanically complex, and

significantly distend the colon in the radial direction, which has raised concerns regarding tissue damage.
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The inch-worm capsules have been shown to be successful, but rely on a relatively long device length to

operate. Although the magnetically actuated capsules provide a promising locomotion method and a simple

capsule design, these systems require bulky magnetic equipment external to the patient which take up space

and can interfere with other operating room equipment. Our group has had success in the past with in vivo

wheeled robotic mobility using biologically inspired micro-patterned PDMS treads [114], which led to the

design of an RCC (Fig. 4.1) utilizing the same micro-patterned treads [17]. The RCC in Fig. 4.1 consists of

a plastic housing with an internally embedded direct-current (DC) motor which drives a gear train. The gear

train drives timing pulleys which mate with the inside teeth of each custom tread located radially around

the RCC. Each of the 8 treads is 3 mm wide (wt) and 46 mm long (lt). The RCC in Fig. 4.1 has a 29 mm

diameter and length lt. The PDMS treads are fabricated with a micro-pattern on the external surface which

makes contact with the inner lumen colon tissue and enhances traction, while minimizing adhesion [130].

The normal force exerted on the RCC by the surrounding intestinal walls is

FN = PwtltNtNs (4.1)

where P is the contact pressure exerted on the RCC by the surrounding intestinal walls, Nt is the number

of treads per side and Ns is the number of sides on the RCC. For the RCC to accelerate, the traction force

produced by the micro-patterned treads needs to be larger than the frictional force (Ff ) between the intestine

and the RCC housing. Frictional force on the RCC housing can be calculated using equation (4.2),

Ff = PwhltNsµh (4.2)

where wh is the width of the housing between two treads on a side and µh is the coefficient of kinetic friction

between the housing and intestinal tissue.

4.2.2 Micro-patterned Polymer Treads

Micro-patterning has been used in multiple fields for a vast array of purposes, ranging from microflu-

idics to friction enhancement. Micro-patterning for friction enhancement has been biologically inspired by

insect feet. Certain terrestrial animals have evolved to develop microscopic hairs on the pads of their feet

to enhance friction for locomotion on various substrates [116, 115]. The pad is able to match the surface
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Figure 4.1: RCC prototype with micro-patterned polydimethylsiloxane (PDMS) treads as a mobility method.
This prototype includes a CMOS camera, LEDs for illumination, and a small tether for power and video
transmission
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structure of the substrate, maximizing the contact surface area, and thus increasing the frictional and ad-

hesive properties of the feet [117, 131, 118]. It has been shown that biological friction enhancement can be

synthesized by micro-patterning polymers to mimic the microscopic features on the insect feet. In this work,

one micro-pattern (Fig. 4.2) is studied and the resulting traction force produced on the synthetic tissue is

examined through quantitative benchtop testing. The size and spacing of the micro-pattern used in this

study was optimized by Sitti et al. in [132] for friction enhancement on small intestinal tissue.

Figure 4.2: Top view (top) and isometric view (bottom) of the micro-pattern used in this study. The pattern
was fabricated on the surface of a polydimethylsiloxane (PDMS) tread which was then evaluated for traction
force generation.

4.2.3 Tribology Testing Platforms

Others have developed and used devices for physical measurements on biological tissue specimens. For

example, Glass et al. used two devices to measure the friction force of micro-patterned PDMS on tissue [109].

The first device measured dynamic friction on a flat tissue sample while the second device measured static

friction in a lumenal tissue sample. While these devices were able to detect differences in micro-patterns,

they were not capable of varying slip due to the fixed tissue samples. Terry et al. developed a device to drag

various materials across tissue samples to measure friction force [111, 133] at varying drag speeds, however

the device was incapable of varying slip as the tissue substrate was fixed.

A device was developed in [93] which was capable of inducing slip by both rotating and linearly
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translating a wheel across a fixed tissue substrate. The device was capable of detecting differences in

drawbar force for wheels with large mechanical grousers. However, no results were presented for varying

translational speeds.

We previously developed a device capable of inducing slip while varying translational speed [134],

however it was not capable of closed-loop normal force control (i.e., robot weight). It was capable of only

three preset normal forces. The device presented here is capable of closed-loop control and autonomous

variation of rotational speed, translational speed and normal force, while detecting traction force for various

micro-patterned wheel samples and biological substrates. The automation reduces human input and error,

producing a more repeatable study.

4.3 Methodology

A parametric study was performed to determine how the micro-patterned tread traction force on

synthetic tissue is affected by robot translational speed, robot wheel rotational speed and robot weight

(i.e., normal force). An empirical model was developed to define traction force as a function of slip ratio

(a normalized difference between translational and angular wheel velocities), robot translational speed and

robot weight. The model was used to predict traction force at new speeds, slip ratios and weights, and then

verified using additional experimental data.

Although the ultimate goal is to gain an in depth understanding of micro-patterned tread performance

on biological tissue substrates, an important first step is to perform these experiments and develop models

for a highly repeatable substrate such as the synthetic tissue used in this study. The substrate used was

viscoelastic synthetic tissue with the following parameters for a standard linear solid (SLS) viscoelastic

model: E1 = 16.4 kPa, E2 = 0.467 kPa, and η = 20.3 kPa ·s. The detailed procedure used to measure these

parameters can be found in [135]. The material properties of the synthetic tissue resemble typical biological

tissues encountered during a colonoscopy such as intestinal tissue and the surrounding abdominal organs

(e.g., liver and spleen). One synthetic tissue sample was used for all tests and did not incur any damage or

material alteration throughout the tests. All tests were performed in a randomized order.
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4.3.1 Micro-pattern Tread Fabrication

The micro-patterned tread was fabricated from a micro-mold which was made using a standard pho-

tolithography technique [114]. The pattern (Fig. 4.2) features circular pillars 140 µm in diameter and 70 µm

tall. The pillars have an equal edge-to-edge spacing of 105 µm. Liquid PDMS (Sylgard 184, Dow Corning,

USA) was mixed at a 10:1 base to curing agent weight ratio and poured onto the micro-mold to create

a 1 mm thick tread. The mold was degassed under vacuum and heat cured. The micro-patterned tread

was attached to an aluminum wheel hub using double-sided tape and the hub was fixed to the axle of the

ATM platform. The following parameters for a SLS viscoelastic model of the PDMS treads were measured

using the procedure in [135]: E1 = 1.29 MPa, E2 = 0.072 MPa, and η = 0.11 MPa · s. Tread stiffness is

approximately twelve times that of the substrate.

4.3.2 3 DoF Automated Traction Measurement Platform

The ATM platform (Fig. 4.3) has three DoFs controlling the normal force, and rotational and trans-

lational motion of a rigid wheel along a substrate. The 1st DoF provides rotation for the micro-patterned

wheel. The 2nd DoF provides translation of the wheel along the substrate. The 3rd DoF adjusts the normal

force of the wheel. There is a 4th actuated movement which lifts the wheel off of the substrate during a reset

procedure.

4.3.2.1 ATM Design

The ATM platform consists of a base, force plate, linear slider (Del-Tron Precision, Inc., USA), linear

motion drive system, horizontal pivoting arm, normal force control system, and rotational motion drive

system.

The force plate is fixed to the base of the ATM platform via four horizontally oriented cantilever load

cells (0 − 300 g Weighing Load Cell, Sourcing Map, China) which measure normal force on the plate. The

force plate consists of two horizontal plates connected in parallel with four vertically oriented cantilever load

cells (0 − 300 g Weighing Load Cell, Sourcing Map, China) which measure traction force. The top plate

serves as a platform for the synthetic tissue substrate. The base of the linear slider is also fixed to the base
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Figure 4.3: Three degree of freedom (DoF) automated traction measurement (ATM) platform for quantita-
tive evaluation of the micro-patterned polydimethylsiloxane (PDMS) treads for robotic capsule colonoscope
mobility. DoFs are labeled with dashed arrows (bottom)
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of the ATM platform.

The linear motion driving system consists of a DC motor (1447, Pololu, USA), a rack (A 1C12MY

04A150, SDP/SI, USA), and a pinion (A 1Y 2MY04075, SDP/SI, USA). The rack gear is fixed to the base

of the ATM platform, parallel to the sliding axis of the linear slider. The DC motor is mounted to the top

of the linear slider. The pinion gear mounted to the shaft of the DC motor mates with the rack providing

linear motion.

A pair of parallel vertical brackets is attached to the top of the linear slider to provide the pivot point

for the horizontal arm. The normal force control and rotational motion drive systems are mounted to the

horizontal pivoting arm.

The normal force control system consists of a linear stepper motor (25844-05-001ENG, Haydon-Kerk,

USA) and a counter weight. The stepper motor actuates the counter weight, adjusting its distance from the

fulcrum, which, in combination with the feedback from the normal load cells, controls the normal force of

the wheel.

The rotational motion drive system consists of a DC motor (1447, Pololu, USA), two timing pulleys (A

6A51M017DF0306, SDP/SI, USA) and a timing belt (A 6R51M049030, SDP/SI, USA), providing rotational

motion to the wheel axle. The motor is mounted to the end of the horizontal arm with a timing pulley

mounted to the shaft of the motor. The second timing pulley is fixed to the wheel axle. The motor shaft

and wheel axle are linked with the timing belt.

Each DC motor is equipped with an encoder providing feedback for closed-loop control in both rotation

and translation. The position, velocity and acceleration of the two DC motors are controlled by a motor

controller (R0403, Basic Micro, USA), which is interfaced with a custom software program (LabVIEW,

National Instruments, USA) through a personal computer (PC). The normal force load cells (i.e., horizontal

cantilever load cells) provide feedback for closed-loop automated normal force control. The linear stepper

motor position (for counter weight adjustment) is controlled by a stepper motor driver (EDE1204, E-LAB

Digital Engineering, Inc., USA) and is interfaced with the same custom software program and PC.

A servo motor (S3003, Futaba, Japan) is fixed to the vertical brackets and provides lift to the horizontal

arm during a reset procedure to prevent the wheel from dragging across the substrate after each trial. During
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a trial, the servo motor is idle, and is not in contact with the horizontal arm, allowing the arm to rotate

freely about the fulcrum.

4.3.2.2 ATM Control

The ATM platform is controlled by a custom software program and is designed to run numerous trials

of programmed permutations and combinations of linear speed, rotational speed and normal force. Prior to

a given trial, the wheel is placed on the substrate and the normal force is set by the linear actuator through

movement of the counter weight and the feedback signal (10 kHz, 24 b). During a trial, the wheel is rotated

and translated by the two DC motors. Upon activation of the motors, traction and normal force data are

collected (10 kHz, 24 b) for the remainder of the trial. The travel distance of the wheel is adjustable with a

range of 0 to 100 mm. The travel distance for the results presented in this work was 50 mm. The duration

of a trial is dependent on the translational speed of the wheel. After each trial, the wheel is raised by the

servo, and the motors reset the wheel to the initial position. This process is autonomously repeated for all

programmed combinations of normal force, translational speed and rotational speed. The raw traction force

data (Fig. 4.4) is post-processed by taking the mean of the steady-state (to account for acceleration and

deceleration of the wheel) portion of each trial. It was determined that by taking the mean of the middle

60% of each trial, the transient data at the beginning of the trial (from wheel acceleration) and at the end

of the trial (from wheel deceleration) was truncated in all cases. A representative plot of raw traction force

data is shown in Fig. 4.4. Actual normal force, translational speed and slip ratio values are measured during

all trials. The average errors between the set points and the measured values are 0.022 N , 0.0039 mm/s,

and 6.7× 10−4, respectively.

A convenient way to represent the rotational speed of a wheel relative to the translational speed is

through a non-dimensional value termed slip ratio, rs,

rs = 1−
∣∣∣∣ ẋrθ̇
∣∣∣∣ (4.3)

where ẋ is the translational speed of the wheel (mm/s), θ̇ is the rotational speed of the wheel (rad/s) and

r is the radius of the wheel (mm). Slip ratio has a range between negative infinity and one. A negative slip
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Figure 4.4: A representative plot of raw traction force data taken from the ATM platform. Data shown
was produced by a wheel with a 0.30 N normal force, traveling at 8 mm/s at a slip ratio of 0.40. For
post-processing, the steady-state traction force was averaged. Steady-state was determined to be the middle
60% of each trial (0.2tf to 0.8tf , where tf is the trial duration)
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ratio is indicative of a dragging or braking wheel
(
ẋ > rθ̇

)
. A slip ratio of zero is indicative of pure rolling(

ẋ = rθ̇
)

. A positive slip ratio is indicative of a slipping wheel
(
rθ̇ > ẋ

)
.

The force plate was characterized by applying known forces in both normal and tangential directions

over multiple points of contact. No drift was observed over long periods (> 4 h) of time.

4.3.2.3 Filter Design

A 2nd order Butterworth low-pass filter was designed to mitigate the noise from the motors. To

determine the cutoff frequency, raw traction force data was taken at a range of motor speeds, first with the

rotational motor on, second with linear motor on, and third with both motors on (Fig. 4.5). The wheel and

substrate were not engaged during these trials so that only vibration and electrical noise from the motors

was measured. A typical frequency response of the raw data with both motors active (Fig. 4.5, top) showed

a consistent high spectral density around 100 Hz and no significant spectral density below 20 Hz. A typical

frequency response of the raw data with wheel/substrate engagement (Fig. 4.5, middle) showed a consistent

high spectral density well below 5 Hz. Therefore, the cutoff frequency for the filter was set to 5 Hz to

eliminate high frequency noise from the motors, but keep low frequency responses due to wheel/substrate

engagement. Raw traction force data with both motors activated, no motors activated, and the 2nd order

Butterworth filter applied is shown in Fig. 4.5 (bottom).

To determine if the filter affected the system response, data was collected at multiple sampling rates (10

kHz, 1 kHz, 100 Hz, 50 Hz, and 10 Hz), translational speeds (2 mm/s, 4 mm/s, 6 mm/s, 8 mm/s, and 10

mm/s) and slip ratios (0, 0.1, 0.2, 0.3, and 0.4) in both filtered and unfiltered form. The mean of the steady-

state raw data was compared between filtered and unfiltered data and the percent difference was calculated.

The mean difference between the filtered and unfiltered data across all sampling rates, translational speeds

and slip ratios was 0.64% (±1.1%) . Filtering and then taking the mean should theoretically be equal to the

mean of the unfiltered data. Since only the mean of the raw data is analyzed in this study, filtering is not

necessary. However, it was important to identify the source of the noise and show that it could be filtered

from the signal. Additionally, future experiments might focus on the transient traction force data, in which

case filtering will be beneficial. The remaining traction and normal force data presented in this work has
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Figure 4.5: A frequency response of raw data with both motors on (top) shows a high spectral density
around 100 Hz. A frequency response of raw data with the wheel and substrate engaged (middle) shows a
high spectral density at frequencies less than 5 Hz. A comparison of raw data with both motors stationary
and with both motors active (bottom) shows that noise is introduced to the data when at least one motor
is active. A filter with a 5 Hz cutoff frequency was implemented to eliminate high frequency noise due
to the motors but keep low frequency responses due to wheel/substrate engagement. Further analysis was
performed to show that pre- and post-filtered data had, on average, 0.64% relative difference when the wheel
and substrate were engaged.
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been passed through the 2nd order Butterworth filter with a 5 Hz cutoff frequency.

4.3.3 Empirical Model Development

An empirical model was developed from a set of data collected from the ATM platform. The parame-

ters programmed for variation were 5 normal forces (0.15 N , 0.25 N , 0.35 N , 0.45 N , 0.55 N), 5 translational

speeds (2 mm/s, 4 mm/s, 6 mm/s, 8 mm/s, 10 mm/s), and 5 slip ratios (0.00, 0.10, 0.20, 0.30, 0.40). These

values were selected to cushion a target robot in vivo speed of 6 mm/s, and a predicted pressure on an RCC

from the clamping of the intestinal lumen of 0.30 N , as determined by Terry et al. in [136]. Although a

combination of high normal force and high slip ratio is unlikely in practice, all combinations are included

here in an attempt to fully understand the mechanics, even under extreme conditions. The dataset consists

of 1 trial at each parameter combination for a total of 125 permutations. The wheel was made from a 9 mm

radius (rh) aluminum hub with a 1 mm thick micro-patterned PDMS layer as the tread, giving the wheel a

10 mm total radius (rw).

To develop the model, the mean traction force (FT ) data was plotted against slip ratio (rs) on a

log-log scale which revealed a linear relationship described by

log (FT ) = B log (rs) + log (A) (4.4)

where B is the slope of the log-log plot and log (A) is the log (FT ) intercept (Fig. 4.6). The average correlation

coefficient between log (FT ) and log (rs) for all cases was 0.998 with 99% confidence. The form in equation

(4.4) can be contracted to

log (FT ) = log
(
ArBs

)
(4.5)

and an inverse logarithmic transform of equation (4.5) yields

FT = ArBs (4.6)

which best represents the data. A nonlinear regression of the form in equation (4.6) was performed to obtain

A and A constant values for all 5 translational speeds (ẋ) and normal forces (FN ).

The regressions resulted in 5× 5 matrices of constants for A and B, corresponding to the 25 different

combinations of normal force and translational speeds. Then, A and B were assumed to be functions of
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Figure 4.6: A representative logarithmic (in both mean traction force and slip ratio) plot of the micro-
patterned tread on synthetic tissue. Data shown is from a normal force of 0.25 N and a translational speed
of 3 mm/s. The average correlation coefficient between log (FT ) and log (rs) is 0.998
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normal force and translational speed. Lastly, the data for A was fit to a 1st degree polynomial in normal

force and 2nd degree polynomial in translational speed, while the data for B was fit to a 2nd degree polynomial

in normal force and 3rd degree polynomial in translational speed. The polynomial degrees were determined

by maximizing an adjusted r-squared value. The empirical model for traction force as a function of normal

force, translational speed and slip ratio is

FT = A (FN , ẋ) rB(FN , ẋ)
s (4.7)

where

A (FN , ẋ) = α0 + α1FN + α2ẋ+ α3FN ẋ+ α4ẋ
2 (4.8)

B (FN , ẋ) = β0 + β1FN + β2ẋ+ β3F
2
N + β4FN ẋ+ β5ẋ

2 + β6F
2
N ẋ+ β7FN ẋ

2 + β8ẋ
3 (4.9)

Values for the coefficients of equations (4.8) and (4.9) are reported in Table 4.1 along with the r-squared

values of the polynomials. The average normalized root-mean-square error (NRMSE) between the model

and the experimental values used to develop the model were calculated. NRMSE was used as opposed to

percentage error due to the nonlinear relationship between error severity and size. NRMSE distinguishes

this empirical model from the model presented in [128], which is less accurate due to the use of percentage

error.

Table 4.1: Polynomial degrees, coefficients and units for equations (4.8) and (4.8)

α0 −0.0118 N
1st-degree in FN α1 0.237 –
2nd-degree in ẋ α2 0.104 N · s/mm
r2 = 0.993 α3 0.123 s/mm

α4 −0.00148 N · s2/mm2

β0 0.150 –
β1 0.0172 1/N
β2 0.165 s/mm

2nd-degree in FN β3 0.726 1/N2

2rd-degree in ẋ β4 −0.0676 s/N ·mm
r2 = 0.988 β5 −0.0187 s2/mm2

β6 −0.117 s/N2 ·mm
β7 0.0113 s2/N ·mm2

β8 0.000639
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4.3.4 Empirical Model Validation

The empirical model was used to predict traction force at an additional 5 normal forces (0.20 N , 0.30

N , 0.40 N , 0.50 N , 0.60 N), translational speeds (3 mm/s, 5 mm/s, 7 mm/s, 9 mm/s, 11 mm/s) and

slip ratios (0.05, 0.15, 0.25, 0.35, 0.45). It is important to note that these parameter values were not used

to develop the model. A second set of data was collected for these parameters using the ATM platform.

Each combination of normal force, slip ratio and translational speed was measured once for a total of 125

permutations. The predicted (from empirical model) and experimental values (from ATM platform) were

compared as a validation of the model. The average NRMSE between the predicted values from the model

and the experimental values measured by the ATM platform were calculated.

4.4 Results

The results are presented in two sections, Empirical Model Development and Empirical Model Vali-

dation, followed by the Discussion (Section 4.5). Each data point displayed in Figs. 4.7 and 4.8 represents

1 trial, and the error bars associated with each data point represent the in trial error. To obtain the value

for each data point, the steady-state traction force from each trial was averaged, while the error bars are the

standard deviation of that mean. The slip ratios and velocities reported in Figs. 4.7 and 4.8 are measured

values.

4.4.1 Empirical Model Development

The developed empirical model for traction force is plotted against slip ratio with the data used to

develop the model in Fig. 4.7. The data and model plotted in Fig. 4.7 is for a normal force of 0.55 N

and is representative of the data found in the 4 other normal forces measured. The mean and max NRMSE

between all of the data and the developed model were 1.1% and 4.2%, respectively, suggesting that traction

force can be described by normal force, translational speed and slip ratio.
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Figure 4.7: The empirical model (lines) for traction force (FT , y-axis) as a function of slip ratio (rs, x-axis),
translational speed (line type and color) and normal force (0.55 N shown) plotted with data used to develop
the model (data points, actual measured values). The average NRMSE between the developed model and
data was 1.1% (min 0.0024%, max 4.2%). Error bars are standard deviation of the steady-state in trial
mean.
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4.4.2 Empirical Model Validation

The empirical model was used to predict traction force at additional normal forces, translational

speeds and slip ratios (Fig. 4.8). The lines in Fig. 4.8 are the predicted values from the model, each line

represents a new translational speed, different from the translational speeds used to develop the model.

Although the data represented in Fig. 4.8 is for a normal force of 0.60 N , the data is representative of

all other normal forces. The mean NRMSE between all predicted traction force and validation data was

1.8% with a maximum NRMSE of 8.6% indicating traction force can be sufficiently approximated using the

empirical equation described in (4.7).
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Model Verification: Normal Force = 0.60 N

Average NRMSE
 = 1.8%
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Figure 4.8: The predicted (lines) traction force (FT , y-axis) as a function of slip ratio (rs, x-axis), translational
speed (line type and color) and normal force (0.60 N shown). Experimental data (data points) were used to
verify the model at select measured slip ratios, translational speeds and normal forces. The average NRMSE
between the predicted traction force and the experimental data was 1.8% (min 0.020%, max 8.6%). Error
bars are standard deviation of the in trial mean.

4.5 Discussion

This empirical model builds confidence for the capabilities of the 3 DoF ATM platform. The empirical

model is able to predict tread performance for the micro-patterned wheel in Fig. 4.2 on the synthetic substrate

for slip ratios in the range of 0 to 0.45, RCC speeds in the range of 2 to 11 mm/s, and RCC weights in
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the range of 0.15 to 0.60 N . In vivo dynamics of future RCC prototypes will likely fall into these ranges.

It is hypothesized that the coefficients in Table 4.1 are functions of substrate material properties (e.g.,

modulus, viscoelastic time constant, surface roughness, and hydrophobicity) and tread parameters such as

geometry, spacing, aspect ratio, and tread material stiffness. A future goal will be to develop a comprehensive

empirical model that can predict the performance of a micro-patterned tread on any biological tissue, given

the geometrical parameters of the tread and the mechanical properties of the substrate. This model is a

necessary first step as it verifies the ability to build such a model while bypassing high variability from

biological tissue. An analytical model describing the contact mechanics between the micro-patterned treads

and substrate is the ultimate goal of the research, but the empirical model gives insight into various physical

trends.

It is observed that traction force increases with slip ratio to fit the form in equation (4.7). Traction

force also increases with normal force and translational speed. The results here contradict those of Canudas

et al. in [137], who propose dynamic tire friction models for traction on various surfaces. In [137], traction

force increases with slip ratio to a point (e.g., 10%) and then decreases. Additionally, Canudas et al. report

that traction force decreases with increasing vehicle velocity. The main difference between automobile

traction research and the research presented here is the mechanical properties of the substrate. Here, tests

are performed on a soft, viscoelastic substrate, while the model proposed in [137] is for a rigid and elastic

substrate. In addition to our findings, frictional resistance of an object in contact with a viscoelastic substrate

has been shown by others [138, 139, 140, 23, 141, 142, 143] to be directly proportional to object horizontal

speed, normal force and slip ratio. It is well-accepted that the positive correlation to speed is a result of

the strain-rate dependent stress response of the substrate. With tissue (or in this case synthetic tissue), the

substrate deformation is relatively large, so the strain rate effect is magnified.

In addition, the trends observed here with data taken using the 3 DoF ATM platform agree with the

results in [134] which utilized an entirely different traction force measurement platform. The results in [134]

show that traction force increases with slip ratio, normal force and speed for the same micro-pattern used

in this study on dry synthetic tissue. Furthermore, the mean NRMSE between the data presented here and

the data from equivalent parameter values in [134] is 1.1%.
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In [136], Terry et al. report a mean contact force from myenteric contractions on a 2.2 cm diameter

solid bolus of 1.9 ± 1.0 N/cm. Using equation (4.1), an RCC of identical diameter to the bolus in [136]

would experience a summed normal force of 0.30N . Using equations (4.1) and (4.7)-(4.9), and assuming

ẋ = 5 mm/s, rs = 0.15, wt = 3 mm, wh = 6 mm, and lt = 46 mm, the RCC could produce up to a 7.0 N

traction force on synthetic tissue. Using equation (4.2) and the value for µh reported by [133], the frictional

force on the housing of the RCC by intestinal tissue would be 0.015 N . The traction force produced is larger

than the frictional force which satisfies the requirement for acceleration. However, the friction coefficient

reported by [133] is for polycarbonate (similar to RCC housing material) on small porcine intestine while

the model predicts traction force of micro-patterned treads on synthetic tissue. For an accurate prediction

of RCC mobility in the intestine, the model will need to be developed using intestinal tissue as a substrate.

We predict that the traction force will reduce by an order of magnitude for real tissue, but still be larger

than the frictional force, in which case a control strategy will need to be implemented so that the RCC

operates within an optimal traction force to friction force ratio. It is important to note that the frictional

force calculated here does not include opposing forces due to a tether. Although a 7 N traction force is much

larger than the opposing friction, it is well below reported values for colonic tissue damage [144, 145].

The error bars in Figs. 4.7 and 4.8 are small considering that each data point is one trial (e.g., Fig.

4.4). The error bars are expected to decrease with additional trials and further calibration of the 3 DoF

ATM platform. A large percentage of the error is a result of noise produced from vibrations within the

viscoelastic substrate. When traction force data is collected at a static state, the error is negligible (±0.0056

N). Also, a general observation that the authors have noticed during the development of the ATM platform

is that error increases with decreasing substrate viscoelasticity, due to the fact that there is less damping in

a more elastic material.

The ATM platform is an important tool for RCC mobility as it can be used to evaluate future tread

patterns and materials. The evaluation of additional micro-patterns at multiple permutations of slip ratio,

translational speed and normal force on various synthetic and biological substrates will lead to additional

empirical models which will in turn be used to validate future analytical models. Once the contact mechanics

between the micro-pattern and substrate are well understood, an optimized micro-patterned mobility system
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for an RCC will be attainable.

It is worth mentioning that the empirical model can theoretically be built upon indefinitely (i.e.,

including other parameters such as material properties, surface properties, and geometrical parameters).

The results presented here formulate a basis to build upon. A natural end point of the project is to develop

a comprehensive model that can predict (to within 10%) the traction force of a micro-patterned wheel on a

viscoelastic substrate, given the rotational and translational velocities, weight and micro-pattern geometrical

dimensions of the wheel along with the material (e.g., SLS parameters) and surface properties of the substrate.

It is difficult, if not impossible, to acquire real-time information about tissue properties in vivo, but it might be

feasible to obtain a generalized characterization of the colon (the target location for the RCC) by compiling

results from the literature and supplementing them with extensive experiments. Material properties of

the colon might be location dependent, in which case values from a lookup table could be queried using

localization data from RCC sensors. Furthermore, it may be possible to estimate the most critical (in terms of

model accuracy) material properties (e.g., long- or short-term modulus, viscosity constant) using embedded

onboard sensors (e.g., force, pressure, displacement, ultrasonic transducer/receiver) in combination with

finite element models of the tissue [146] and ultrasonography. A future addition to the ATM platform will

be a sensor to measure vertical deflection of the wheel during a trial. This will be useful for validating future

analytical models.

There are several challenges to moving RCCs, especially those with onboard locomotion systems,

towards an FDA approval pathway. As mentioned in [147], RCCs with onboard actuation methods face

challenges related to size, actuator selection and power supplies. As our prototype is intended for use in the

colon, the target size is not one that is swallowable, but the size does need to be reduced for clinical use.

Our vision includes a working channel for tools, irrigation and insufflation, which will require a tether. This

tether could include power and video signal transmission, so onboard power considerations are not necessary.

We believe that an RCC with a 5 mm diameter tether is just as practical as a 13 mm diameter colonoscope.

Further considerations for FDA approval will include reliability testing and sterilization procedures. The

RCC will likely need to be introduced rectally, and might not initially reduce patient fear of the procedure, but

more importantly is the potential for pain reduction, which will eventually lead to wide-spread acceptance.
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Future RCC prototypes will include a number of methods to track robot translational position and

velocity in order to obtain slip ratio. These methods include magnetics, gyroscopes, accelerometers, and

onboard imaging. With the ability to measure in vivo slip ratio, we will be able to further validate the

empirical model. Additionally, we plan to incorporate a solid-state pressure sensor (MPXH6300A, Freescale

Semiconductor, Austin, TX, USA) into the next iteration of the RCC, which has a 300 kPa sensing range

and 0.005 kPa resolution (with a 16 b analog to digital converter). This will prove useful for measuring the

normal force needed for the empirical model. Implementation of sensors will also enable feedback for future

control algorithms using the developed empirical model. Currently, the RCC is teleoperated, but automated

navigation for screening with voluntary teleoperated interruptions for diagnosis and therapy is a future goal.

This will require sensorization of the RCC so that precise localization can be achieved for a feedback signal.

Additionally, image processing (using the onboard camera) will be used for feature recognition and position

tracking.

4.6 Conclusions

A 3 DoF automated testing device was presented for quantitative evaluation of micro-patterned treads

for RCC mobility. An empirical model was developed to describe traction force as a function of slip ratio,

translational speed (i.e., robot speed) and normal force (i.e., robot weight). The model was able to predict

traction force for additional normal forces, slip ratios and translational speeds with a mean NRMSE of .

Increases in slip ratio, normal force and translational speed correlate with increases in traction force.

The custom designed ATM platform presented is capable of quantitative measurement of traction force

for a micro-patterned tread on a viscoelastic substrate. This device will be useful in the future for evaluating

additional micro-patterns on additional substrates. The preliminary empirical model builds confidence for

the capabilities of the ATM platform and will be used to develop future analytical models.
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The Effect of Hyperelastic Substrate Stiffness, Wheel Tread Fibrillar Structure

Size, and Fibrillar Modulus on Traction Force: Experiments and Modeling

5.1 Introduction

This chapter presents a series of studies that were performed to investigate the effect of three dif-

ferent variables on wheel traction force. The three main variables studied were synthetic tissue substrate

stiffness, wheel tread fibrillar structure size (both diameter and height), and fibrillar modulus. The study

was carried out using finite element modeling, experimental analysis with the ATM platform and comparison

to analytical solutions. In order to build a dependable finite element model, the synthetic tissue substrate

was characterized using both a large strain hyperelastic model and a viscoelastic model. Model parameters

were determined from uniaxial tensile test (for hyperelastic model) and stress-relaxation test (for viscoelastic

model) data. In addition to the material models, a velocity-dependent FT /FN (traction force divided by

normal force) and the Poisson’s ratio were experimentally determined. The material characterization was

used to build the finite element model, and the model was used to predict traction force generation for both

a smooth wheel and a treaded wheel. The FEM results were compared to experimental results.

An interferometer distance sensor was added to the ATM platform in order to further validate the FE

model. A parametric study was performed using a smooth wheel on a synthetic tissue substrate to study

vertical deflection of the wheel as a function of normal force and differential velocity. These results were

compared to an analytical solution for vertical deflection of a cylinder into an elastic half-space, and then

the analytical model was used to predict deflection of individual pillars into the substrate.
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In addition to building a reliable finite element model, experiments were performed to study the

effect of tread fibrillar elastic modulus, fibrillar size, and substrate stiffness. Fibrillar modulus was varied by

changing the elastomer to curing agent mixing ratio of the PDMS. Wheels with different fibrillar diameters

were fabricated using a stereolithography (SLA) technique, and then coated with PDMS. Substrate stiffness

was varied by changing the height of the substrate and was measured using compression tests. The effect

of fibrillar modulus, fibrillar size and substrate stiffness on traction force were all evaluated using the ATM

platform at a set linear speed, slip ratio, and normal force. The normal force, slip ratio and linear speed

were kept constant to remove parametric complexity, and due to the fact that their relationship to traction

force is well known (discussed in Chapter 4).

5.2 Background & Theory

A schematic of the wheel-substrate interface problem is shown in Fig. 5.1. The problem can be

approached from a global, or macro, perspective (Fig. 5.1a) as well as a local, or micro, perspective (Fig.

5.1b). In this work, both perspectives are utilized in analyzing wheel behavior. The problem setup consists

of a wheel of radius R, weight FN , and length L resting on a substrate with height h, elastic modulus E, and

Poisson’s ratio ν. The elastic modulus of the substrate is a function of strain (ε) for the hyperelastic case,

time (t) for the viscoelastic case, or both strain and time for a combined model. In a static state, the wheel

sinks into the tissue a vertical distance (positive z-direction) δ, which results in a half-width contact length

b. Intuitively, both δ and b are directly proportional to FN . In a dynamic state, the wheel can have both

rotational (ω) and linear (v) velocities. There are two common ways to represent the relationship between

the rotational and linear velocities; 1) slip ratio (rs, equation (5.1)), and 2) differential velocity (vd, equation

(5.2)).

rs = 1−
∣∣∣ v
Rω

∣∣∣ (5.1)

vd = Rω − v (5.2)

Slip ratio is often more convenient and intuitive when approaching the problem from a global perspective

(Fig. 5.1a). The limits of rs can be determined by taking the limit of equation (5.1) as v and ω approach
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zero.

lim
v→0

rs = lim
v→0

(
1−

∣∣∣ v
Rω

∣∣∣) = 1 (5.3)

lim
ω→0

rs = lim
ω→0

(
1−

∣∣∣ v
Rω

∣∣∣) = −∞ (5.4)

Negative and positive slip ratios are indicative of braking and slipping wheels, respectively, whereas a slip

ratio of zero is indicative of pure rolling.

Differential velocity is often more convenient and intuitive when approaching the problem from a local

perspective (Fig. 5.1b). The limits of v can be determined by taking the limit of equation (5.2) as v and ω

approach zero.

lim
v→0

vd = lim
v→0

(Rω − v) = Rω (5.5)

lim
ω→0

vd = lim
ω→0

(Rω − v) = −v (5.6)

Negative (v > Rω) and positive (Rω > v) differential velocities are indicative of braking and slipping wheels,

respectively, whereas a differential velocity of zero (Rω = v) is indicative of pure rolling. When vd is positive

(Rω > v), the pillar in Fig. 5.1b moves in the negative y-direction with respect to the substrate. Similarly,

when vd is negative (v > Rω), the pillar moves in the positive y-direction with respect to the substrate.

For the remainder of this chapter, relative rotational and linear velocities of the wheel will be discussed in

terms of differential velocity. The tread pattern studied in this chapter consists of equally spaced circular

pillars of radius and height a and edge-to-edge spacing 3a/2. When approaching the problem from the local

perspective, one can imagine zooming into the contact area of Fig. 5.1a to focus on the contact of one

tread pillar (Fig. 5.1b). Fig. 5.1b depicts the contact between a single pillar of radius and height a and

the substrate. Under an applied pressure p0 (in the positive z-direction), and neglecting the effects from

neighboring pillars, the pillar sinks into the tissue a vertical distance (positive z-direction) uz. Assuming

uz < a, the contact area Ac will equal the cross-sectional area of one pillar multiplied by the number of

pillars in contact with the substrate. Ac can be closely approximated by multiplying the total contact area

(At) of the cylinder in Fig. 5.1a by the pillar density γ.

Ac = γAt (5.7)
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Figure 5.1: (a) A global perspective of the contact mechanics problem for a wheel with a relatively small
tread pattern on a soft half-space substrate. The wheel has radius R, contact length L, weight FN , and
displaces a vertical distance δ for both static and dynamic scenarios. (b) A local perspective of the contact
between a single circular tread pillar and a soft half-space substrate. The pillar has height and radius a, is
acted upon by pressure p0 and displaces a local vertical distance uz.
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where

γ =
5πa2

(3a/2 + 4a)2
=

20π

121
= 0.5193 (5.8)

and

At = 2RL sin

(
b

R

)
. (5.9)

Assuming that b is a function of δ, and that the presence of a small tread pattern is negligible when calculating

δ (verified experimentally in Section 5.5.1.1), then the pressure p0 can be calculated using equation (5.10).

p0 =
FN

2γRL sin (b/R)
(5.10)

The vertical displacement of the wheel into the substrate, from both the global perspective (δ) and the local

perspective (uz) are functions of the material properties. Before elaborating on the analytical solution to δ

and uz, a discussion on the hyperelastic and viscoelastic constitutive models will be presented.

A linearly elastic material is one that exhibits a constant modulus of elasticity, E, over a wide range

of strain, and can be derived by taking the ratio between stress and strain, E = σ/ε. This is an accurate

model for many common materials, however, rubber-like materials and many biological materials exhibit

strain and/or time dependent elastic moduli. For materials with a strain dependent elastic modulus, hy-

perelastic material models can be used to simulate their mechanical behavior. Examples of mechanistic

hyperelastic models (derived from arguments about underlying material structure) are the Arruda-Boyce

and Neo-Hookean models. Examples of phenomenological (derived from observed behavior of the material)

hyperelastic models are the Fung, Mooney-Rivlin, Saint Venant-Kirchhoff and Ogden models. For materials

that exhibit time dependent stress-strain relationships, viscoelastic material models can be used to simulate

their mechanical behavior. Examples of viscoelastic models include the Maxwell, Kelvin-Voigt, Standard

linear solid, and Generalized Maxwell models. The synthetic tissue substrate used in this study exhibits

both time and strain dependent stress-strain relationships, so both hyperelastic and viscoelastic models will

be used to model the mechanical behavior of the material. The Ogden model was chosen to model the hy-

perelasticity of the substrate due to its excellent agreement with experimental data and the recommendation

for use when modeling biological materials [148]. The Generalized Maxwell model (N = 1) was chosen to

model the viscoelasticity of the substrate due to its computational simplicity and relative good fit with the
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stress-relaxation data.

5.2.1 Ogden Hyperelastic Constitutive Model

A material is considered to be hyperelastic if its stress-strain relationship is not constant over a wide

range of strain. The typical method for determining hyperelasticity of a material is to perform a large strain

uniaxial tensile test and fit the data of a model. The Ogden model was chosen for the substrate in this

study, so a short introduction to the model is presented. The Ogden constitutive model was first presented

by Ryan Ogden in 1972 [149] and is used to simulate the mechanical behavior of incompressible hyperelastic

materials. The Helmholtz free energy equation for the Ogden model as a function of stretch has the following

form:

ψ = ψ (λ1, λ2, λ3) =

N∑
p=1

µp
αp

(
λ
αp
1 + λ

αp
2 + λ

αp
3 − 3

)
(5.11)

with the following consistency condition from linear theory:

2µ =

N∑
p=1

µpαp with µpαp > 0, p = 1, ..., N (5.12)

With N = 3, the Ogden model can accurately reproduce simple tension over a very large strain range and

has been suggested for use when modeling incompressible materials such as soft tissue [148]. The finite

element modeling performed in this work was completed using Abaqus, where the free energy function for

the Ogden material model takes the following form:

U =

N∑
p=1

2µp
α2
p

(
λ
αp
1 + λ

αp
2 + λ

αp
3 − 3

)
+

N∑
p=1

1

Dp
(Jel − 1)

2p
(5.13)

The second summation term involving Dp is for imposing incompressibility. If Dp = 0, it is implied that

Jel = λ1λ2λ3 = 1 (incompressible), resulting in a constant second summation term. However, if the material

is compressible (Dp 6= 0), then Jel = λ1λ2λ3 where λ2 = λ3 = 1 − νε1, assuming the material is isotropic.

When compressibility is imposed, then the second summation term becomes strain dependent.

5.2.2 Generalized Maxwell Constitutive Model

A material is considered to be viscoelastic if it exhibits both viscous and elastic characteristics when

undergoing deformation. The typical method for determining the viscoelastic response of a material is
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a uniaxial stress-relaxation test, where a material sample is subjected to a sudden and constant strain,

while the stress is measured over the duration of the test. Typically, the stress in the material drops off

exponentially with time. This data can then be fit to a viscoelastic material model. The Generalized Maxwell

model with was chosen for the substrate used in the this study, so a brief overview of the model is presented.

The Maxwell mechanical model can be represented by a purely viscous damper and purely elastic

spring connected in series, and can be mathematically represented by the following equation:

dε

dt
=
dεdamper

dt
+
dεspring
dt

=
σ

η
+

1

G

dσ

dt
(5.14)

where η is the viscosity of the damper and G is the spring constant of the spring. The Generalized Maxwell

model links N number of Maxwell arms in parallel with a single spring. The shear modulus G(t) and bulk

modulus K(t) as functions of time can be represented by the following two Prony series:

G(t) = G0

(
g∞ +

N∑
i=1

gie
−t/τi

)
(5.15)

K(t) = K0

(
g∞ +

N∑
i=1

kie
−t/τi

)
(5.16)

where gi and ki are the relative moduli of terms i and g∞ +
∑N
i=1 gi = k∞ +

∑N
i=1 ki = 1.

5.2.3 Universal Poisson Function

A discussion about Poisson’s ratio is necessary for fully characterizing the synthetic biological sub-

strate. Isotropic, linear elasticity theory is characterized by two important constants: Young’s modulus

and Poisson’s ratio. As was previously discussed, the stress-strain relationship (Young’s modulus in linear

elasticity) becomes varying once the assumptions about material behavior deviate form linear elasticity. In

the case of hyperelasticity the stress-strain relationship is strain dependent, and in the case of viscoelasticity,

the stress-strain relationship is time dependent. In the case of a linearly elastic, homogeneous, and isotropic

material, both the Young’s modulus and Poisson’s ratio can be determined from the uniaxial tension test.

The Poisson’s ratio is determined from kinematic measurements alone, while the Young’s modulus is deter-

mined from the ratio between nominal stress and strain. It is well-known that a material is considered to be

incompressible when the Poisson’s ratio has a value of 1/2. Similar to Young’s modulus, the Poisson’s ratio
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becomes varying when deviations from linear elasticity are made. Beatty et al. derived a Poisson function

for nonlinear, homogeneous and isotropic materials [150]:

ν (λ) = −ε1
ε3

=
1− λ1
λ3 − 1

=
1− λβ (λ)

λ− 1
(5.17)

where λi = εi + 1 and β (λ) = λ1 (λ) /λ is a lateral contraction function. For general homogeneous and

isotropic elastic solids, Poisson’s ratio ν0 is defined as the value of equation (5.17) in the undistorted, natural

state where λ = 1:

ν0 = lim
λ→1

ν (λ) = −dλ1 (λ)

dλ

∣∣∣∣
λ=1

. (5.18)

For incompressible materials under simple tension,

λ1 (λ) = λ−1/2 (5.19)

By substituting equation (5.19) into equation (5.17), Beatty et al. define a universal Poisson function for

every incompressible, nonlinear, homogeneous, and isotropic material:

ν (λ) =
1

λ+ λ1/2
(5.20)

Therefore, by equation (5.18), every incompressible, isotropic material has a Poisson’s ratio ν0 = 1/2. For

nonlinear, incompressible, and isotropic materials, the measured Poisson’s ratio will follow equation (5.20)

as strain is increased, but will have a value of 1/2 as λ→ 0.

5.2.4 Deflections (δ and uz) in Elastic Half-Space

Although the synthetic biological substrate material is modeled as a combination of a hyperelastic and

viscoelastic material using the Ogden and Generalized Maxwell models, respectively, for the finite element

model, simplifications need to be made in order to derive analytical solutions for the vertical deflections of

the wheel (δ) and tread pillar (uz).

If the substrate material is approximated as an incompressible, linear elastic solid, with Young’s

modulus E, and Poisson’s ratio ν0 = 1/2, then the deflection δ of a rigid cylinder with weight FN , radius R,

and length L (into the page in Fig. 5.1a) into the elastic half-space substrate is [151]:

δ =
FNρ

L

[
1 + ln

L3

ρFNR

]
(5.21)
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where

ρ =
1− ν20
πE

. (5.22)

Equation (5.21) is validated experimentally using the ATM platform and the results are presented in Section

5.5.1.1. Then, the half-width contact length b can be calculated using equation (5.23).

b = L exp

[
1 + ln 4

2
+

δL

2FNρ

]
=

(
4RρFN
L

)1/2

(5.23)

The maximum pressure p0 for a single tread pillar can be calculated using equation 5.10. The pressure

distribution for a single pillar is [152]:

p(r) = p0

(
1− r2

a2

)−1/2
(5.24)

Finally, assuming that Young’s modulus of the pillar is much larger than the Young’s modulus of the

substrate, the local deflection of the pillar into the elastic half-space is [153]:

uz = π2p0ρa (5.25)

Equations (5.21)-(5.25) will be used throughout the chapter to either validate experimental results or to

estimate values that have not been experimentally measured.

5.3 Material Characterization

Several experiments were performed for the substrate material characterization. A simple uniaxial

tensile test was performed to obtain model parameters for the Ogden hyperelastic material model and to

determine the Poisson’s ratio. A tensile stress-relaxation test was performed to determine the model param-

eters for the Generalized Maxwell model for viscoelasticity. Finally, a set of experiments were performed

with the ATM platform to obtain data for a velocity dependent FT /FN (traction force divided by normal

force).

5.3.1 Tensile Test for Ogden Hyperelastic Model

A simple tensile test was performed to obtain stress and strain data for the synthetic tissue substrate.

Fig. 5.2 shows the experimental setup for the tensile test. A substrate sample with length = 112 mm,
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width = 12.25 mm, and thickness = 7.55 was clamped between the base and the load cell jaws of the

material testing machine (MTS, Eden Prairie, MN, USA). The sample was marked with four reference

points which were recorded with a video camera during the tensile test. The sample was stretched to an

elongation of 112 mm (100% strain) at a rate of 0.2 mm/s (the slowest reliable speed).

Raw data from a single tensile test trial is displayed in Fig. 5.3a-b (blue circles). Nominal stress

σn was calculated by dividing the force by the initial cross-sectional area of the sample. Nominal strain εn

was determined by using image processing to post-process the video tracking of the four reference points.

It is apparent that the sample follows hyperelastic behavior. The stress response is initially linear, but at

approximately 40% strain, the stress response increases. The material becomes stiffer at higher strains.

The data was analyzed in two ways. First, a linear line was fit to the first 20% strain of the data (Fig.

5.3a, red line), and the slope of this line was taken as the Young’s modulus (E = 24.7 kPa) for a linear

elastic approximation of the substrate material. The linear elastic approximation was needed for analytical

solutions to the wheel (δ) and tread pillar (uz) vertical deflections. Second, the data in Fig. 5.3b was input

into Abaqus, which generated the Ogden model parameters (listed in Table 5.1). These model parameters

were used in the finite element analysis to simulate the hyperelastic behavior the substrate material.

Table 5.1: Parameters for Ogden hyperelastic material model

p µp αp Dp

1 3.64× 10−4 2.66 9.06
2 4.18× 10−7 19.2 0
3 1.31× 10−2 −9.46 0

5.3.2 Stress-Relaxation Test for Viscoelastic Model

A tensile stress-relaxation test was performed to obtain the time dependent stress strain data for the

synthetic tissue substrate. Fig. 5.2 shows the experimental setup for the tensile test. A substrate sample

with length = 112 mm, width = 12.25 mm, and thickness = 7.55 was clamped between the base and the load

cell jaws of the material testing machine (MTS, Eden Prairie, MN, USA). The sample was initially swiftly

stretched to an elongation of 40 mm (35% strain) at a rate of 15 mm/s and then held at that elongation for

100 s.
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Figure 5.2: Experimental setup for simple uniaxial tensile tests and uniaxial tensile stress-relaxation tests.
For both tests, a sample (length = 112 mm, width = 12.25 mm, and thickness = 7.55) was clamped
between the base and the load cell of the MTS machine. The sample was marked with four reference points
for calculating nominal strain and Poisson’s ratio. For the simple uniaxial tensile test, the sample was
stretched to an elongation of 112 mm (100% strain) at a rate of 0.2 mm/s. For the uniaxial tensile stress-
relaxation tests, the sample was initially stretched at a rate of 15 mm/s to an elongation of 40 mm (35%
strain) and held for 100 s.
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Figure 5.3: (a) Raw uniaxial tensile test data (blue) and a linear elastic approximation (red) for the first
20% strain (E = 24.7 kPa), used for analytical calculations of δ and uz. (b) Raw uniaxial tensile test data
(blue) and the Ogden constitutive model (green) for hyperelasticity, used in the FE model. Parameters for
the Ogden material model are listed in Table 5.1. (c) Raw uniaxial tensile stress-relaxation data (blue) and
the Generalized Maxwell model with N = 1 (red) for viscoelasticity, used in the FE model. Parameters
for the Generalized Maxwell model are listed in Table 5.2. (d) Raw Poisson’s ratio data (blue), calculated
from the four marked reference points on the material sample, and the universal Poisson function (red), for
justification of incompressibility (ν0 = 1/2).
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Raw data from a single stress-relaxation test is shown in 5.3c (blue circles). Normalized force is

calculated by dividing the recorded force data by the force at t = 0, or the force recorded when the sample

first reaches maximum strain. It is apparent that the material exhibits some viscoelastic behavior. During

the stress-relaxation trial, the force immediately begins to decrease exponentially, and appears to approach

a steady stress. Although the material is somewhat viscoelastic, the stress only decreases about 7% over a

100 s trial. The normalized force and time data were input into Abaqus, which generated the Generalized

Maxwell model (N = 1) parameters (listed in Table 5.2). These model parameters were used in the finite

element analysis to simulate the viscoelastic behavior the substrate material.

Table 5.2: Parameters for the Generalized Maxwell (N = 1) model for viscoelasticity

i gi ki τi
1 0.0693 0 17.95

5.3.3 Universal Poisson Function and Poisson’s Ratio

During the tensile test described in Section 5.3.1, four reference points were recorded using a camera.

These data were used during post-processing to calculate nominal strain, and Poisson’s ratio. Fig. 5.3d (blue

circles) shows experimental data for Poisson’s ratio at a function of strain ε. At low strains, the experimental

data is noisy and inaccurate due to low stretch in the material. However, at strains of 10% and higher, the

experimental data approximately follows the universal Poisson function (Fig. 5.3d, red line) described in

Section 5.2.3. It can be concluded that the Poisson’s ratio ν0 of the material is equal to 1/2, and therefore

the material is incompressible, which is generally a good assumption for rubber materials. For the analytical

solutions presented in this chapter, the Poisson’s ratio of the substrate material will be 1/2.

5.3.4 Velocity Dependent FT/FN

The three laws of dry friction state:

(1) The force of friction is directly proportional to the applied load (Amonton’s First Law)

(2) The force of friction is independent of the apparent contact area (Amonton’s Second Law)
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(3) Kinetic friction is independent of the sliding velocity (Amonton’s Third Law or Coulomb’s Law of

Friction)

If a dry friction law is assumed, then the coefficient of friction µd is

µd = Ff/FN . (5.26)

where Ff is the frictional force.

However, according to the data presented in Chapter 4, assuming a dry friction law is not adequate

for the wheel and substrate contact mechanics. Although the first two laws of dry friction hold, the third

law is violated.

In this chapter, results are often plotted with respect to FT /FN , which cannot accurately be termed

coefficient of dry friction due to the dependence on velocity. In an attempt to characterize the material

coefficient of friction µ as a function of differential velocity vd, an experimental study was performed using the

ATM platform. A smooth PDMS coated wheel (R = 10.06 mm) was actuated at various rotational velocities

ω to induce differential velocities between 0.5 mm/s and 20 mm/s in increments of 0.5 mm/s. The data from

this experiment are displayed in Fig. 5.4a. It is apparent that FT /FN (i.e., µ (vd)) is directly proportional

to differential velocity. These data would suggest that FT /FN approaches an asymptote as vd → ∞. It is

also interesting to compare the experimental data in Fig. 5.4a to the Stribeck curve (5.4b), which shows the

dependence of the friction coefficient on velocity (viscosity×velocity/normal force) for lubricated surfaces.

The trend in these data strongly resembles the region of the Stribeck curve for hydrodynamic lubrication,

suggesting that there is a thin lubricating layer of relatively high viscosity (since velocity and normal force

are relatively low). The data presented in Fig. 5.4a was input into Abaqus as a velocity dependent coefficient

of friction for PDMS on the synthetic tissue substrate.

5.4 Methodology

Methodology is separated into two section: 1) Finite element model, and experimental. With a

complete characterization of the material, the experimental setup could be implemented in Abaqus. Experi-

ments were carried out to validate the finite element model as well as study effects of pillar size, pillar elastic
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Figure 5.4: (a) FT /FN as a function of differential velocity vd. Each data point represents the average of
5 trials, while the error bars represent the standard deviation of the mean. (b) A typical Stribeck curve,
showing how coefficient of friction is affected by velocity throughout different lubrication regimes. The
correlation between the data in (a) and the Stribeck curve suggests that the wheel-substrate contact is
undergoing hydrodynamic lubrication
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modulus, and substrate stiffness.

5.4.1 Finite Element Model

The finite element model was developed by modeling both the wheel and the substrate, applying

material models, an interaction formulation, boundary conditions and loads.

5.4.1.1 Model Components

The goal of the finite element model was to replicate the ATM platform experimental setup. Two

parts were created in Abaqus, the wheel and the synthetic tissue substrate (Fig. 5.5). The wheel was defined

as an analytical solid rigid, since its Young’s modulus was 3 orders of magnitude larger than the synthetic

tissue (in the linear region). Both a smooth wheel and a cluster of seven rigid pillars were modeled. The

rigid pillars were modeled to mimic the spatial geometry on the 3D printed wheels, and were rotated about

an axis of rotation a distance away that was equal to the radius of the wheel R. The substrate was divided

into different regions so that each region could be assigned its own mesh density. This allowed for a fine

mesh at the region of contact, but course region through the majority of the substrate. Standard quadratic

triangular elements for plane stress with quadratic interpolation were used to mesh the synthetic substrate.

5.4.1.2 Interaction Formulation

The velocity dependent coefficient data described in 5.3.4 was input into Abaqus as the interaction

model.

5.4.1.3 Boundary Condition and Loads

The ATM platform has three main input control variables: 1) rotational speed of the wheel ω, 2)

applied normal force FN and 3) translational speed of the wheel v. The ATM platform measures traction

force generate when the wheel slips on the tissue. Therefore, in the finite element model, the substrate will

be fixed while the rotational speed of the wheel ω and applied normal force FN will be controlled to induce

a differential velocity vd.
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Figure 5.5: The problem setup for the 3-dimensional finite element model. (a) A rigid smooth wheel in contact
with the synthetic biological substrate, modeled using both hyperelastic (Ogden, N = 3) and viscoelastic
(Generalized Maxwell, N = 1) models. (b) A cluster of 7 rigid tread pillars in contact with the synthetic
biological substrate.
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A concentrated force was applied to the center of the wheel with a value of 0.01 N/mm in the negative

z-direction, corresponding to an experimental normal force of FN = 0.3 N for a cylindrical wheel with length

L = 30 mm. The substrate was fixed (in both y and z directions) on the bottom surface, and the wheel was

constrained to translational motion in the z (vertical) direction.

5.4.1.4 Steps

The simulation consisted of two steps. During the first (static) step (100 s), the normal force is applied

and enough time is allowed to lapse to ensure steady state convergence. During the second (dynamic) step,

the wheel is rotated for 6− 12 s (dependent on rotation speed) on top of the substrate.

5.4.2 Experimental

Experiments were performed with the ATM platform, which the development of was thoroughly

discussed in Chapter 4. The operating principle of the ATM platform is the same for this study, with the

exception of an added sensor, which the implementation and calibration of will be discussed here.

5.4.3 ATM Platform with Interferometer

Fig. 5.6 shows the ATM platform with an added interferometer distance sensor. The sensor (optoN-

CDT 1302-20, Micro-Epsilon, Ortenburg, Germany) has a measurement range of 20 mm, and a resolution

of 4 µm with a 12 bit analog-to-digital converter (ADC). The sensor was aligned with the axle of the wheel

and place about 10 mm above the axle. The sensor reflects off of the axle end support so that it has a

stationary (non-rotating) surface to measure. Measuring the distance to the rotating axle directly would

have introduced noise due to the surface roughness of the axle surface. The sensor was fixed relative to the

horizontal arm on the ATM platform so that any motion vertical motion of the arm would be measured by

the interferometer. The sensor collects data at 750 Hz and sends the data through an RS422 connection to

a computer for data logging.

Example raw data of normal force FN , traction force FT , and wheel vertical displacement δ are

displayed in Figs. 5.7a-d for a rotating wheel with finite rotational speed ω and zero linear speed (vd = Rω).
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Figure 5.6: Experimental setup for measuring wheel traction force and vertical displacement. The system
is the same as the ATM platform described in Chapter 4, with the exception of an added interferometer
sensor for measuring vertical displacement of the wheel. The interferometer sensor (optoNCDT 1302-20,
Micro-Epsilon, Ortenburg, Germany) is capable of measuring displacement with 4 µm resolution.
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The horizontal axis in Figs. 5.7a-d represents trial time, which was held constant at 25 s. The left vertical

axis in Figs. 5.7a-d represents wheel vertical displacement δ, while the right vertical axis represents force.

Both normal force (red lines) and traction force (organe lines) are plotted on the same force scale. Fig. 5.7a

shows raw data for a trial with a relatively low normal force (FN = 50 mN) and low differential velocity

(vd = 0.5 mm/s). Fig. 5.7b shows raw data for a trial with a relatively low normal force (FN = 50 mN) and

high differential velocity (vd = 20 mm/s). Fig. 5.7c shows raw data for a trial with a relatively high normal

force (FN = 500 mN) and low differential velocity (vd = 0.5 mm/s). Fig. 5.7d shows raw data for a trail with

a relatively high normal force (FN = 500 mN) and high differential velocity (vd = 20 mm/s). In general,

trials with higher speeds produce noisier data. This makes sense because the wheel is rotating at a higher

frequency, and vibrations don’t have time to dissipate. However, these data appear to oscillate periodically

about a mean, so the effect of the noise is eliminated with averaging. All of the trials feature high frequency

dynamics at the start and end of each trial. This is likely due to the acceleration and deceleration of the

wheel. The impulse of the wheel’s initial motion likely sends a wave of vibrations through the viscoelastic

substrate, causing damped oscillations. The wheel in fact visibly bounces at the start of each trial. To

account for the dynamic effects of the trial, the middle 60% (from 5 s to 20 s) of the data from each trial is

averaged to obtain a mean traction force.

5.4.3.1 Interferometer Calibration

It was imperative to properly calibrate the deflection data, so that data from different configuration

(e.g., wheel, substrate, etc.) could be compared. It is obvious that δ = 0 when FN = 0, however it is not

practical to apply a zero normal force and accurately measure the vertical deflection. Therefore, a calibration

curve was obtained by imposing a range of normal forces (between 5 mN and 50 mN in increments of 5

mN) and recording the reading from the interferometer at each normal force. Then, a 3rd order polynomial

was fit to the data (average R2 = 0.99 for all calibration curves):

δ (FN ) = p1F
3
N + p2F

2
N + p3FN + p4 (5.27)



www.manaraa.com

114

Time [s]

0 5 10 15 20 25

δ
 [

m
m

]

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

F
o

rc
e
 [

m
N

]

0

150

300

450

600

750

Time [s]

0 5 10 15 20 25

δ
 [

m
m

]

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

F
o

rc
e
 [

m
N

]

0

150

300

450

600

750

Time [s]

0 5 10 15 20 25

δ
 [

m
m

]

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

F
o

rc
e
 [

m
N

]

0

150

300

450

600

750

Time [s]

0 5 10 15 20 25

δ
 [

m
m

]

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

F
o

rc
e
 [

m
N

]

0

150

300

450

600

750

Normal Force (F
N

)

Traction Force (F
T
)

Figure 5.7: (a) Raw traction force FT , normal force FN , and wheel deflection δ data for a low differential
speed (vd = 0.5 mm/s) and low normal force (FN = 50 mN). (b) Raw traction force FT , normal force FN ,
and wheel deflection δ data for a high differential speed (vd = 20 mm/s) and low normal force (FN = 50
mN). (c) Raw traction force FT , normal force FN , and wheel deflection δ data for a low differential speed
(vd = 0.5 mm/s) and high normal force (FN = 500 mN). (d) Raw traction force FT , normal force FN , and
wheel deflection δ data for a high differential speed (vd = 20 mm/s) and high normal force (FN = 500 mN).
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where δ (FN = 0) = p4. Then, p4 was subtracted from all subsequent vertical displacement data to calibrate

the data for each configuration.

In order to test that this calibration method would provide repeatable results, five calibration curves

were collected, and the raw data (before offset) are displayed in Fig. 5.8a. The same data with a 3rd order

polynomial fit are displayed in Fig. 5.8b. The five calibration curves with the offset p4 applied are displayed

in Fig. 5.8c. Fig. 5.8d shows the average of the five calibration curves after subtraction of the offset. Each

data point in Fig. 5.8d represents the average of five values. The error bars (hard to see due to small size) in

Fig. 5.8d represent the standard deviation of that mean. It is apparent that the calibration curves after the

offset is applied are nearly identical, therefore, the proposed calibration method is appropriate for all future

data sets

5.4.3.2 PDMS Modulus

To study the effect of pillar elastic modulus on traction force, seven wheel treads were fabricated out

of PDMS with varying elastic modulus. The elastic modulus was varied by changing the PDMS base to

cross-link ratio.

The elastic modulus of the tread was characterized with respect to the mixing ratio using indentation

tests. Cylindrical samples (diameter = 20 mm and height = 20 mm) of PDMS were fabricated by mixing

PDMS base to cross-linking agent ratios of 10, 11.7, 13.3, 15, 20, 25, and 30, and curing them in a vacuum

(to remove air bubbles) oven at 100 ◦C for 1 hr. The samples were then indented with a cylindrical punch

(diameter = 3 mm) to a depth of 2 mm to obtain the compressive stress strain relationship of each sample.

The Elastic modulus for each sample was obtained from the slope of the stress-strain curve. The resulting

PDMS modulus as a function of base to cross-link ratio is displayed in Fig. 5.9b. At mixing ratios lower

than 10, the PDMS modulus does not increase any further due to a saturation of cross-linking agent in the

polymer. For mixing ratios larger than 30, the polymer would not fully cure, and thus would remain sticky.

After characterization of the PDMS modulus, treads were fabricated using PDMS base to cross-linking

agent ratios of 10, 11.7, 13.3, 15, 20, 25, and 30. Mixed PDMS was poured into a SU-8 mold, and cured in a

vacuum (to remove air bubbles) oven at 100 ◦C for 1 hr. After curing, the PDMS tread were removed from
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Figure 5.8: (a) Five separate calibration curves, before any offset was applied, obtained by varying the
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the mold, trimmed to size, and fixed to an aluminum wheel hub using double-sided tape. The final radius

of the PDMS wheels was R = 10 mm. The treads featured a micro-pattern with a = 70µm.
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Figure 5.9: (a) Substrate stiffness k as a function of substrate height h. Stiffness was experimentally
determined for each substrate height using compressive tests where the reaction force (F ) was measured as
a function of indentation depth (d). The ratio between reaction force and indentation depth determined
k = F/d. (b) Elastic modulus as a function of base to cross-link ratio. PDMS tread modulus was varied to
study the effect it had on traction force generation.

5.4.3.3 Pillar Diameter

To study the effect of the wheel tread size on traction force, wheels with varying size parameter a

were fabricated using a stereolithography technique (Protogenic, Westminster, CO, USA). Overall wheel

dimensions were radius R = 10 mm and length L = 35 mm. Prior to testing on the ATM platform, the

wheels were coated with PDMS (base to cross-link agent mixing ratio equal to 10) and cured in a vacuum

oven at 50 ◦C for 8 hr. A lower temperature than previously stated was used to prevent melting of the

plastic wheels. The wheels used in the study, along with the pillar radius a are displayed in Fig. 5.10a.

5.4.3.4 Substrate Stiffness

To study the effect of substrate stiffness on traction force, substrates with varying heights were fab-

ricated. 860 mL of Super Soft Plastic (M-F Manufacturing Company, Fort Worth, TX, USA) and 215 mL

(4:1 ratio) of Plastic Softener (M-F Manufacturing Company, Fort Worth, TX, USA) were measured using
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Figure 5.10: (a) Wheels used in the tread size study. Wheels were fabricated using a stereolithography
(3D printing) technique with varying tread sizes and then coated with PDMS. (b) Substrates used in the
substrate stiffness study.
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a graduated cylinder, and poured into a 100 mm × 50 mm Pyrex R© beaker. The solution was stirred for

∼ 30 s, or until thoroughly mixed, and then placed on a preheated (250 ◦C) hot plate in a fume hood. The

mixture was constantly stirred, being careful not to introduce air bubbles, until the opaque liquid turned

clear (∼ 20 min). The Pyrex R© beaker was then removed from the hot plate and the hot liquid was quickly

(within 5 s) poured into seven molds (width = 50 m and length = 100 mm) of varying height and allowed to

cool to room temperature. Once cooled, the substrates were removed from the molds. The substrates used

in this study along with their heights are displayed in Fig. 5.10b.

5.5 Results

The results are divided into several categories, focusing on the effect of a single variable. Specifically,

results are organized as velocity dependence, wheel deflection, PDMS modulus, pillar size, and substrate

stiffness.

5.5.1 Velocity Dependence

Fig. 5.11 shows the effect of differential velocity vd and normal force FN on FT /FN (i.e., µ (vd)).

Fig. 5.11a shows the combined effect of differential velocity vd and normal force FN on FT /FN , while Figs.

5.11b-c show the individual effects of differential velocity vd and normal force FN on FT /FN , respectively.

Fig. 5.11d shows the effect of differential velocity vd on normal force FN . Figs. 5.11c-d also have color bars,

so that the effect with respect to vd, FN , and FT /FN , respectively, can be seen. Each data point in Figs.

5.11a-d represent the average of two trials.

Fig. 5.12 shows the effect of differential velocity vd and normal force FN on traction force FT . Fig.

5.12a shows the combined effect of differential velocity vd and normal force FN on traction force FT , while

Figs. 5.12b-c show the individual effects of differential velocity vd and normal force FN on traction force

FT , respectively. Fig. 5.12d shows the effect of differential velocity vd on normal force FN . Figs. 5.12c-d

also have color bars, so that the effect with respect to vd, FN , and FT , respectively, can be seen. Each data

point in Figs. 5.12a-d represent the average of two trials.

When looking at the effect of vd on traction force, it is apparent that the two are directly proportional.
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Figure 5.11: (a) The effect of differential velocity vd and normal force FN on FT /FN . (b) The effect of
normal force FN on FT /FN . The color bar represents differential velocity vd. (c) The effect of differential
velocity vd on FT /FN . The color bar represents normal force FN . (d) The effect of differential velocity vd
on normal force FN . The color bar represents FT /FN . Each data point in (a-d) represents the average of
two trials.
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Figure 5.12: (a) The effect of differential velocity vd and normal force FN on traction force FT . (b) The
effect of normal force FN on traction force FT . The color bar represents differential velocity vd. (c) The
effect of differential velocity vd on traction force FT . The color bar represents normal force FN . (d) The
effect of differential velocity vd on normal force FN . The color bar represents traction force FT . Each data
point in (a-d) represents the average of two trials.
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Traction force increases nonlinearly with differential velocity. Similarly, FT /FN increases nonlinearly with

differential velocity. Fig. 5.13 shows a comparison between experimental traction force data (blue circles)

and FEM simulation results (red x) for a smooth PDMS wheel on the synthetic tissue substrate with a

weight (FN ) of 300 mN . For both the experimental setup and FEM simulations, the translational speed (v)

of the wheel was set to zero, while the rotational speed (ω) of the wheel was varied to induce differential

velocities (vd) between 0.5 and 20 mm/s. The maximum difference between the experimental data and the

FEM simulation results in Fig. 5.13 was 2.42%, which occurred at a differential velocity of 16.8 mm/s.
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Figure 5.13: Dynamic traction experimental data (blue circles) and FEM simulation results (red x), at a
normal force of 300 mN . The maximum difference between experimental and FEM results is 2.42% and
occurs at vd = 16.8 mm/s. In both the experimental setup and FEM simulation, the translational speed (v)
was set to zero and the rotational speed (ω) was varied to obtain differential velocities (vd) between 0.5 and
20 mm/s.

In agreement with findings in previous chapter, traction force is also directly (and nearly linearly)

proportional to normal force. Contrary to Coulomb’s dry friction law, FT /FN is nonlinearly and inversely

proportional to normal force. It is interesting to note that the highest coefficients of friction are obtained at

the lowest normal forces. This is probably to due the fact that adhesive force are high between the substrate

and PDMS.
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5.5.1.1 Wheel Deflection

Results for wheel deflection δ are displayed in Figs. 5.14-5.20. Figs. 5.14a and 5.14c show wheel

vertical deflection δ as a function of normal force FN and differential velocity vd. Normal force and wheel

deflection are positively correlated. Although at first glance, δ and vd also appear to be correlated, a closer

look at Figs. 5.12d, 5.14a and 5.14c reveal that increasing vd decreases FN , which in turn decreases δ.

This is especially true at low normal forces (FN < 200 mN). At higher normal forces, vd may have an

independent effect on δ. This effect can be explained by defining a pseudo-stiffness FN/δ and examining

the effect that vd has on it (Fig. 5.14b). At low normal forces, the pseudo-stiffness is relatively constant

with respect to differential velocity. However, at higher normal forces, the pseudo-stiffness increases slightly

with differential velocity. An increased pseudo-stiffness would result in less vertical deflection of the wheel.

This phenomenon can be explained by the viscoelastic properties of the material. Since the material has a

strain-rate dependent stress response, larger impulses (larger vd) would result in higher stiffness. Although

present, this is not a dominating effect.

Figs. 5.15a-d show the effect of δ and vd on FT /FN . Fig. 5.15a shows the combined effect of

differential velocity and wheel vertical deflection on FT /FN in 3D scatter plot form, while Figs. 5.15b-c

show the individual effects of δ and vd on FT /FN , respectively. Fig. 5.15d shows the relationship between δ

and vd. Color bars in Figs. 5.15b-d show the effect of vd, δ, and FT /FN , respectively.

Figs. 5.16a-d show the effect of δ and vd on FT . Fig. 5.16a shows the combined effect of differential

velocity and wheel vertical deflection on traction force FT in 3D scatter plot form, while Figs. 5.16b-c show

the individual effects of δ and vd on FT , respectively. Fig. 5.16d shows the relationship between δ and vd.

Color bars in Figs. 5.16b-d show the effect of vd, δ, and FT , respectively.

Figs. 5.17a-d show the effect of wheel vertical deflection δ and normal force FN on FT /FN . Fig.

5.17a shows the combined effect of normal force and wheel vertical deflection on FT /FN in 3D scatter plot

form, while Figs. 5.17b-c show the individual effects of FN and δ on FT /FN , respectively. Fig. 5.17d shows

the relationship between δ and FN . Color bars in Figs. 5.17b-d show the effect of δ, FN , and FT /FN ,

respectively.
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Figure 5.14: (a) The effect of normal force FN on wheel vertical deflection δ. The color bar represents
differential velocity vd. (b) The effect of differential velocity vd on a pseudo-stiffness FN/δ. The color bar
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Figure 5.15: (a) The effect of wheel vertical deflection δ and differential velocity vd on FT /FN . (b) The effect
of wheel vertical deflection δ on FT /FN . The color bar represents differential velocity vd. (c) The effect of
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Figure 5.16: (a) The effect of differential velocity vd and wheel vertical deflection δ on traction force FT . (b)
The effect of wheel vertical deflection δ on traction force FT . The color bar represents differential velocity
vd. (c) The effect of differential velocity vd on traction force FT . The color bar represents wheel vertical
deflection δ. (d) The effect of differential velocity vd on wheel vertical deflection δ. The color bar represents
traction force FT . Each data point in (a-d) represents the average of two trials.
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Figure 5.17: (a) The effect of wheel vertical deflection δ and normal force FN on FT /FN . (b) The effect of
normal force FN on FT /FN . The color bar represents wheel vertical deflection δ. (c) The effect of wheel
vertical deflection δ on FT /FN . The color bar represents normal force FN . (d) The effect of normal force
FN on wheel vertical deflection δ. The color bar represents FT /FN . Each data point in (a-d) represents the
average of two trials.
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Figs. 5.18a-d show the effect of wheel vertical deflection δ and normal force FN on FT /FN . Fig.

5.18a shows the combined effect of normal force and wheel vertical deflection on FT /FN in 3D scatter plot

form, while Figs. 5.18b-c show the individual effects of FN and δ on FT /FN , respectively. Fig. 5.18d shows

the relationship between δ and FN . Color bars in Figs. 5.18b-d show the effect of δ, FN , and FT /FN ,

respectively. 5.18

Assuming that the substrate is linearly elastic and incompressible (ν0 = 1/2), and by estimating

the Young’s modulus from the first 20% strain of the simple tensile test, an analytical solution for the

vertical deflection of a static (ω = v = 0) smooth wheel can be obtained as a function of normal force

using equation (5.21). Static experimental data (blue circles) the analytical solution (black line) and FEM

simulation results (red x) are displayed in 5.19a for a smooth wheel. The analytical model and experiment

agree with a maximum difference of 7.1% at FN = 500 mN . The increasing deviation from theory starting at

FN = 300 mN could be due to local strains larger than 40%, which would correlate to the hyperelastic region

of the material. However, for an approximation, the linear elastic assumption provides a relatively accurate

solution. The FEM results and experimental data agree with a difference of 4.0. It is important to note

that the experimental and FEM results don’t exhibit increasing deviation as normal force increases. This

agreement most likely comes from the fact that the FEM accounts for the hyperelasticity of the material.

In order to calculate the vertical deflection of the pillar uz, δ and b have to be know in order to calculate

the contact surface area. However, the analytical solution for δ assumes that the wheel has a smooth surface.

Fig. 5.19b shows experimental data for δ for wheels with pillar radius ranging from a = 0.28 mm to a = 0.70

mm. Although these data deviate from the analytical solution more than the smooth wheel data, the

analytical solution for a smooth wheel still provides an accurate prediction of δ for wheels that are not

smooth. Therefore, the analytical solution for δ and b can be used to calculate a first-order approximation

for uz.

Fig. 5.20 shows the theoretical pillar deflection uz as a function of normal force FN for pillar radii

ranging from a = 0.28 mm to a = 0.7 mm for a substrate with a constant Young’s modulus E. uz is directly

proportional to both normal force and pillar radius, height, and spacing. The theory suggests that material

bulging into the spaces between the pillars is minimal for the synthetic tissue substrate.
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Figure 5.18: (a) The effect of wheel vertical deflection δ and normal force FN on traction force FT . (b) The
effect of normal force FN on traction force FT . The color bar represents wheel vertical deflection δ. (c) The
effect of wheel vertical deflection δ on traction force FT . The color bar represents normal force FN . (d) The
effect of normal force FN on wheel vertical deflection δ. The color bar represents traction force FT . Each
data point in (a-d) represents the average of two trials.
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for wheel vertical deflection δ as a function of normal force FN in a static scenario (i.e., no rotation or linear
velocity) and a wheel with a smooth PDMS tread. (b) Analytical solution (black line) and experimental
data (data points) for wheel vertical deflection δ as a function of normal force FN in a static scenario for
wheel with varying tread pillar size. The analytical solutions for (a) and (b) assume linear elasticity of the
substrate, where Young’s modulus E was approximated using the first 20% strain from the hyperelastic
tensile test data (Fig. 5.3a).
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5.5.1.2 PDMS Modulus

Fig. 5.21 shows the effect of relative stiffness between substrate and tread on FT /FN . Although the

trend is not crystal clear, it suggests that there is a correlation between the traction generation and the

relative stiffnesses of the materials. The data suggests that FT /FN increases until k/Etread = 1, and then

levels off with k/Etread = 1. For maximum traction generation, substrate stiffness should be larger than the

elastic modulus of the tread.
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Figure 5.21: The effect of k/Etreadh (substrate stiffness/tread elastic modulus/substrate height) on FT /FN .
Substrate stiffness variation was obtained by varying the height of the substrate sample. Tread elastic
modulus variation was obtained by adjusting the PDMS base to cross-link mixing ratio.

5.5.1.3 Pillar Size and Substrate Stiffness

The results for pillar size and substrate stiffness have been combined due to their apparent correlation.

Fig. 5.22 shows the relationship between h/a and FT /FN , both dimensionless parameters. The substrate

height is related to stiffness of the material, while the parameter a is related to the tread size. The data

suggests that there is a cutoff for maximum traction force generation at around h/a = 25. The three

substrates in group 1 (h/a < 25) are the shorter of the six and have relatively large stiffnesses. The three

substrates in group 2 (h/a > 25) are the taller of the six substrates and have low and nearly equal stiffnesses.

An attempt was made to fill in the gap by stacking substrates to achieve heights of 10 mm and 15 mm,
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but it was determined that the effect of stacking the substrates was not negligible. In other words, stacking

substrates to achieve a height of 25.94 mm produced different results than the 25.90 mm substrate
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Figure 5.22: The effect of the dimensionless parameter h/a (substrate height/pillar radius) on FT /FN .

5.6 Conclusions

In this chapter, the synthetic tissue substrate was characterized to be modeled as both a hyperelastic

and viscoelastic material. The hyperelastic material model chosen was the Ogden constitutive model with

N = 3. The viscoelastic material model chosen was the Generalized Maxwell model with N = 1. In addition

to the mechanical behavior characterization, a velocity dependent coefficient of friction was experimentally

developed. These material parameters were implemented into a finite element model to predict traction force

generation of a smooth rigid wheel on a synthetic substrate.

Experiments were performed using the ATM platform with an interferometer sensor for measuring

vertical displacement of the wheel. The effects of differential velocity and normal force on traction force

and wheel vertical displacement were studied. The data suggests that the stiffness of the substrate slightly

increases with differential velocity, and that wheel vertical deflection and normal force are positively and

strongly correlated. When assuming that the substrate is a linear elastic material, the analytical solution

for δ matches closely with the experimental results. The analytical solution for δ for a smooth wheel also
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holds true for wheel with small tread patterns (a ≤ 0.7).
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Chapter 6

The Design and In Vivo Evaluation of a Robotic Capsule Colonoscope Using

Micro-patterned Treads for Mobility

The state-of-the-art technology for deep gastrointestinal (GI) tract exploration is a capsule endo-

scope (CE). Capsule endoscopes are pill-sized devices that provide visual feedback of the GI tract as they

move passively through the patient. These passive devices could benefit from a mobility system enabling

maneuverability and controllability. Potential benefits of a tethered robotic capsule endoscope (tRCE) in-

clude faster travel speeds, ability to maintain an anchored position, reaction force generation for biopsy,

and decreased capsule retention. In this work, a tethered prototype CE is developed to evaluate an active

tracking locomotion system for in vivo mobility. Micro-patterned polydimethylsiloxane (PDMS) treads are

implemented onto a custom capsule housing as a mobility method. The tRCE housing contains a direct

current (DC) motor and gear train to drive the treads, a video camera for visual feedback, and two light

sources (infrared and visible) for illumination. The device was placed within the insufflated abdomen of a

live anesthetized porcine (pig) model to evaluate mobility performance in an open cavity as well as within

the cecum to evaluate mobility performance in a collapsed lumen. The tRCE was capable of forward and

reverse mobility for both open and collapsed lumen tissue environments. Also, using an on-board visual

system, the tRCE was capable of demonstrating visual feedback within an insufflated, anesthetized, porcine

abdomen.
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6.1 Introduction

Endoscopy is a current surgical method used to clinically investigate the lumen of the gastrointestinal

(GI) tract. An endoscope is a long flexible scope which enters the patient through a natural orifice. The

entire GI tract consists of the esophagus, gastric cavity, and small and large bowels. The small bowel itself

is about 7 m long. The major limitation of the endoscope is the difficulty of viewing the entire small

bowel, specifically the jejunum and ileum, the medial and distal sections of the small bowel respectively.

Capsule endoscopy is a method for overcoming these limitations. Currently there are only two commercially

available capsule endoscopes, the PillCam R© SB (to view the small bowel) and the PillCam R© ESO (to view

the esophagus). These devices are pill sized capsules (11mm×26mm) that are swallowed by the patient and

house a miniature video camera and light source. As the capsule endoscope (CE) passively moves through

the GI tract, the camera transmits images at a rate of 2 frames/s which can be immediately downloaded

and viewed by a physician [154]. Although these devices have made great strides in the pursuit of effective

CEs, the devices also present some limitations. A CE is a passive device, so there is no control over the

position of the device as it moves through the GI tract making it difficult to know exactly where, and at what

orientation, the images are taken. Also, the image transmission rate does not give physicians a continuous,

real-time, view of the GI tract during device passage. In addition, a major risk of CE devices is capsule

retention. Capsule retention rates are about 5%, and primarily seen in patients with Crohns disease, at the

inflammation site [112, 113]. A maneuverable CE could provide an additional force enabling the capsule to

drive away from a position or traverse an occlusion that might ordinarily cause passive capsule retention.

The main focus of this research is to develop a tethered robotic capsule endoscope (tRCE) that provides

video feedback at 30 frames/s, and active tracking locomotion through the bowel for endoscopic applications.

The authors acknowledge that the tether is problematic and incompatible with the swallowing paradigm of

traditional CEs, but is a necessary simplification for initial prototypes. Additionally, the device may be able

to travel through an insufflated abdomen, demonstrating the feasibility of such a device in natural orifice

translumenal endoscopic surgery (NOTES). Potential advantages of NOTES over traditional laparoscopy

include the elimination of external incisions and the potential subsequent side effects such as pain, hernias,
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and external wound infections. Other potential benefits of NOTES include decreased adhesions, decreased

need for anesthesia, and shorter hospital stays.

The proposed method of tRCE mobility stems from a biological phenomenon found on the feet of

insects. Certain terrestrial animals have evolved to develop micro-hairs on the pads of their feet to enhance

friction for locomotion on various substrates [115, 116]. The pad is able to match the surface structure of the

substrate, maximizing the contact surface area, and thus increasing the frictional and adhesive properties

of the feet [117, 131, 118]. Other groups have attempted to enhance friction within the large bowel using

micro-patterned PDMS [107, 108, 109, 119] and other friction enhancement techniques [18].

The purpose of this study is to demonstrate that the use of micro-patterned polymers as traction

treads for a tRCE enables mobility on both tissue in an insufflated abdominal cavity and a collapsed lumen.

The study also demonstrates a proof-of-concept of a tRCE with visual feedback.

6.2 Materials and Methods

The tRCE was designed, fabricated, and then tested in vivo in a live porcine (pig) model.

6.2.1 Tethered Robotic Capsule Endoscope Design and Fabrication

The following criteria were developed when designing the tRCE: 1) the ability to traverse an approx-

imately planar tissue surface, such as the open insufflated abdominal cavity, 2) the ability to travel within a

collapsed lumen, 3) capability of both forward and reverse motion, 4) sized to fit within the large bowel of

a human (6 cm diameter), and 5) provide visual feedback to a monitor located external to the patient.

The tRCE design can be divided into four main parts, the 1) housing, 2) drivetrain, 3) micro-patterned

treads, and 4) vision and illumination system.

6.2.1.1 tRCE Housing

Based on previous success with robotic mobility using micro-patterned PDMS treads, a tissue-robot

interface was designed for the tRCE to address the first two design criteria [114]. In order to gain mobility

within a collapsed lumen, the housing was designed to include tank-like tracking treads on the four sides of
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the robot. The housing took the form of a box to produce a robot with flat sides for traversing planar tissue,

while creating tread surface area on all four sides for traveling within a lumen. In order to maximize traction

both in a lumen and on planar tissue, each side of the tRCE was designed to have two treads, creating a

large ratio between the tread surface area and the housing surface area. For simplicity, this initial tRCE was

designed for forward and reverse motion, but not left, right, up, or down. In other words, all treads could be

simultaneously driven in the same direction at any given time, minimizing the number of required actuators,

and thus reducing the size of the tRCE. For travel within a cylindrical lumen (the tRCEs primary goal),

the design relies upon the geometry of the robot and its environment for steering. As long as the robot is

longer than it is wide and there is sufficient radial pressure from the lumen, the lumen will guide the robot in

the axial direction, preventing it from turning around or getting stuck within the lumen. The housing (Fig.

6.1) was designed to hold the drivetrain, 8 micro-patterned treads (two per side), a vision system, and an

illumination system. The housing was prototyped (Protogenic, Westminister, CO, USA) using Protoclear

10120 (DSM Somos, Elgin, IL, USA).

Figure 6.1: Fully assembled tethered robotic capsule endoscope (tRCE) on benchtop
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6.2.1.2 tRCE Drivetrain

The drivetrain consisted of a direct current (DC) motor (FAULHABER, Croglio, Switzerland) with a

256:1 planetary gearhead reduction (FAULHABER, Croglio, Switzerland), a gear train, and timing pulleys.

The DC motor was centrally located within the housing. A 0.5 modulus worm (GW0.5-01-14, Gizmoszone,

Hong Kong, China) was press-fit on the shaft of the motor. Four (one per side) 0.5 modulus worm gears

(GWG0.5-10-19, Gizmoszone, Hong Kong, China) were mounted to a bottom axle and driven by the worm.

The ratio between the worm and worm gears provided an additional 10:1 reduction. Two 3 mm wide timing

pulleys, made from timing pulley stock (A 6A15-010MXL02, Stock Drive Products/Sterling Instruments,

New Hyde Park, New York, USA), were also fastened to each top axle (one on each end). Therefore, as the

worm gears were driven, power was transferred to the top axles and thus the timing pulleys.

6.2.1.3 Micro-patterned PDMS Treads

Micro-patterned polydimethylsiloxane (PDMS) treads were used as the mobility method for the tRCE

because they provide sufficient traction on the bowel tissue while minimizing tissue damage [114]. The

purpose of the drivetrain was to transfer power from the DC motor to the timing pulleys on the end of

each top axle. The timing pulleys then drove each micro-patterned tread. Each PDMS tread had custom

fabricated timing belt teeth on the inside of the belt to mate with the driving timing pulley. The outside of

each PDMS tread featured a micro-pattern consisting of 140 µm diameter, 70 µm high circular pillars. The

pillars were equally spaced with a center-to-center distance of 245 µm. In addition to the timing pulleys, two

Teflon rollers were added to each tread for support (Fig. 6.1). In order to prevent the treads from slipping

off the pulleys, washers, slightly larger than the pitch diameter of the pulleys, were adhered to the outer

faces of the pulleys using epoxy. The overall dimensions of the tRCE were 29 mm wide, 29 mm tall, and 46

mm long. The mass of the tRCE was 29 g. The tRCE prototype travels at a maximum speed of 3 mm/s.

Fabrication of micro-patterned treads for the robotic capsule endoscope (RCE) has progressed through

multiple revisions. Each revision has either improved the functionality of the tread by increasing flexibility

or reducing thickness, and/or improved the ease of fabrication. Each tread consists of two major parts:

the micro-patterned polydimethylsiloxane (PDMS) treads and a driving mechanism. The micro-patterned
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PDMS is on the outside surface of the tread, which interfaces with the tissue, while the driving mechanism

is on the inside surface of the tread, and interfaces with the robots driving mechanism (e.g., a timing pulley

or roller). PDMS is inherently hydrophobic which makes it hard to bond to its self or other materials. Thus,

it is a challenge to adhere the micro-patterned PDMS to the driving mechanism. Each tread is formed in

the shape of a loop. Since the micro-patterned PDMS treads are fabricated in sheets, it is a challenge to

transform the sheets into a loop.

Titanium coated timing belt PDMS treads The first iteration of the tread fabrication was

for tRCE version 1 (tRCE v1), which employed a timing belt/timing pulley drive system. In an attempt to

increase the adhesion properties of the PDMS, the non-patterned side of the PDMS was coated with 100

nm of titanium (Ti) using a standard thermal deposition procedure. Double-sided tape (3M, 3M415) was

applied to the outside surface of polyurethane timing belts (SDP/SI, A 6B18M094030). The micro-patterned

PDMS was trimmed to the correct size, and the Ti coated side was pressed onto the tape (Fig. 6.2). This

resulted in a two-layer tread, with a polyurethane timing belt as a driving mechanism and micro-patterned

PDMS outer surface. Eight of these treads were fabricated for tRCE v1. Each tread had a radius of 15

mm, a width of 3 mm and a thickness of 1.5 mm. The main problems associated with this tread were high

stiffness, large thickness and seam separation.

Custom timing belt PDMS treads The second iteration of the tread fabrication was for tRCE

version 2 (tRCE v2), which also employed a timing belt/timing pulley drive system. To reduce the stiffness

of the treads, the polyurethane timing belts were replaced with custom PDMS timing belts (Fig. 6.3). Also,

to reduce tread seam separation, a new fabrication procedure was employed. A mold for the PDMS timing

belts was fabricated using polyurethane timing belts (SDP/SI, A 6B18M094030) and an aluminum mold.

Trenches (3 mm wide, 95 mm long, and 1.5 mm deep) were formed in an aluminum plate. Polyurethane

timing belts were cut, stretched out, and glued to the bottom of the trenches (teeth side up). Liquid PDMS

was poured into the mold and cured. The PDMS was polymerized by a heat curing process (100 ◦C for 1

hr). The polymerized PDMS was peeled out of the mold, creating strips of PDMS with one smooth side and

one side containing timing belt teeth. The micro-patterned PDMS strips and the timing belt PDMS strips

were then adhered together using double-sided tape (3M, 3M415). To increase the adhesion properties of
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Figure 6.2: Titanium coated treads consisting of 4 layers, an outer micro-patterned PDMS layer for traction, a
layer of titanium for adhesion, a layer of double-sided tape for interlayer adhesion, and an inner polyurethane
timing belt layer to interface with the timing pulleys.
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the PDMS, the strips were exposed to 20 W O2 plasma for 25 s prior to contact with the double-sided tape.

To form a closed loop, excess tape was used to overlap the seam (in between the two layers of PDMS). The

following procedure was used to form closed loop treads using micro-patterned PDMS and custom timing

belt PDMS strips:

(1) Lay out a 100 mm strip of double-sided tape with backing paper still attached to one side (sticky

side up)

(2) Lay out a 95 mm strip of timing belt PDMS (smooth side up)

(3) Expose both strips to 20 W O2 plasma for 25 s.

(4) Immediately press smooth side of timing belt PDMS to sticky side of tape.

(5) Peel off backing on tape

(6) Expose new sticky side to 20 W O2 plasma for 25 s

(7) Immediately form closed loop, using the 5 mm excess tape to overlap the seam

(8) Expose the smooth side of a 95 mm long micro-patterned PDMS strip to 20 W O2 plasma for 25 s

(9) Immediately press smooth side of PDMS onto tape, forming a layer of micro-patterned PDMS on

the outside surface of the tread

This procedure resulted in flexible treads with minimal seam separation. The treads had custom PDMS

timing belts as an inside surface for mechanical engagement with the timing pulleys on the tRCE v2. The

treads also featured micro-patterned PDMS on the outside surface. Eight treads were fabricated in this

manner for tRCE v2. The treads had a radius of 15 mm, a width of 3 mm, and a thickness of 1.5 mm.

Friction driven PDMS treads The third iteration of the tread fabrication was for tRCE version

3 (tRCE v3), which employed a friction drive system (Fig. 6.4). The friction drive system eliminated the

need for timing belts as a mechanical engagement system, enabling a reduction in tread thickness and overall

size of the tRCE. The design of the tRCE required fewer, but wider treads, decreasing the fabrication time

and increasing the ease of handling. The treads were fabricated in a similar manner to tRCE v2 treads,
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Figure 6.3: Custom PDMS timing belt treads consisting of 3 layers, an outer micro-patterned PDMS layer
for traction, a middle double-sided tape layer for interlayer adhesion, and a custom PDMS timing belt inner
layer to interface with the timing pulleys.
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except the PDMS timing belts were replaced with a thin layer of smooth PDMS. The thin layer of PDMS

was used to promote friction between the inside surface of the tread and the frictional rollers on the tRCE.

The following procedure was used to fabricate closed loop treads:

(1) Lay out a 100 mm strip of double-sided tape with backing paper still attached to one side (sticky

side up).

(2) Clamp the tape so that 5 mm of the tape is covered.

(3) Paint the remaining uncovered 95 mm of the sticky side with a thin layer of liquid PDMS.

(4) Heat cure the PDMS in an oven at 100 ◦C for 1 hr

(5) Unclamp the tape and wrap the strip around an 1.5 in diameter cylinder (PDMS side down), using

the excess 5 mm to overlap the seam.

(6) Peel off the paper backing

(7) Expose the tape and the smooth side of a 95 mm long micro-patterned PDMS strip to 20 W O2

plasma for 25 s.

(8) Immediately wrap the micro-patterned PDMS strip around the tape (smooth side to tape).

(9) Slide the tread off of the cylinder.

This procedure results in treads with a smooth PDMS inside surface for frictional engagement with the RCE

rollers and a micro-patterned PDMS layer on the outside surface of the treads. Four treads were fabricated

in this manner for RCE v3. The treads had a radius of 15 mm, a width of 6 mm, and thickness of 0.75 mm.

6.2.1.4 Vision and Illumination Systems

The rear of the tRCE housed the gear train for power transfer from the actuator, while the forward part

of the tRCE housed the vision and illumination system, as illustrated in Fig. 6.1. Three holes were created

in the housing for the imaging and illumination systems. The tRCE design integrated two different imaging
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Figure 6.4: Friction PDMS treads consisting of 3 layers, an outer micro-patterned PDMS layer for traction,
a middle double-sided tape layer for interlayer adhesion, and an inner layer to interface with the rollers
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techniques, visible light and infrared (IR) light. IR technology has shown to be useful for distinguishing

healthy and cancerous tissue [155]. IR rays emitted at the near infrared (NIR) range are ideal for imaging

large organs [155]. The tissues of large organs exhibit low absorption and allows light at a safe power to

penetrate the tissue [155]. When the emitter produces wavelengths in the NIR range, they are reflected off

of the tissue and back to the camera, producing a greyscale image with shades dependent on the different IR

absorption rates of each tissue type. A 4 mm wide analog camera with 4 integrated LEDs (RS4018A-118,

Bangu Technology Development Company Limited, Guangdong, China) was placed in one of the three holes

in the housing. The camera was recessed in the hole and a flat transparent cover was placed over the hole

and adhered to the housing to keep tissue away from the lens and seal the camera from fluid. The two

remaining holes each housed a 3 mm infrared emitting diode (LIR204X, Jameco Electronics, Belmont, CA,

USA). A user-controlled system was implemented to select the type of illumination and the intensity of the

light. All of the wires for the LEDs, camera, and motor were routed out of the rear (near the gear train) of

the tRCE and tethered to an external control box. The control box featured controls for light selection and

intensity, motor activation and direction, and camera activation. The image from the camera was displayed

on a monitor, external to the porcine specimen, for real-time viewing (Fig. 6.5).

The camera is capable of detecting both visible and IR light. When the camera is placed in an

environment with no visible light (i.e., an insufflated abdomen), and the IR illumination is activated, a grey

scale image is produced (Fig. 6.6).

6.2.2 Benchtop Performance Evaluation

Upon fabrication, the tRCE was first evaluated in a controlled laboratory setting to benchmark

the performance of the device prior to in vivo testing. More specifically, the expected in vivo loads were

applied to the tRCE to determine if the torque requirement had been met. Both the mobility and the

imaging/illumination systems were tested. The purpose of the benchtop tests was to evaluate the torque

performance of the device, and not necessarily to accurately simulate all features of an in vivo environment.

To test the mobility system, the device was driven across dry synthetic tissue (Simulab Corporation,

Seattle, WA, USA) to evaluate mobility. Next, the device was placed in between two layers of synthetic
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Figure 6.5: Image of tethered robotic capsule endoscope (tRCE) with vision and illumination system

Figure 6.6: View from the tethered robotic capsule endoscope (tRCE) imaging system inside the insufflated
abdomen using an IR light source.
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tissue, with a 500 g mass on the top (chosen because this weight simulates a worst case scenario for loading

in the GI tract), to benchmark the durability and required torque of the tRCE, to move through a collapsed

lumen.

To test the vision/illumination system, the tRCE was placed in a dark box. A monitor was placed

outside of the box and the camera was activated with 1) no light source, 2) visible light from the LEDs, 3)

IR light, and 4) visible and IR light. Various objects (color and grey scale) were placed in the field of view at

various distances from the tRCE to qualitatively evaluate the imaging system with the various illumination

sources.

6.2.3 Porcine Study

The benchtop tests provided a benchmark performance level for the tRCE under various conditions.

The purpose of the porcine study was to determine the level of performance relative to the benchmark

performance level in various in vivo environments. The two primary test conditions of interest were mobility

on tissue in an insufflated cavity, and mobility within a collapsed lumen. To test mobility of the tRCE in an

uncollapsed environment, the device was placed within an insufflated abdomen. To test for mobility within

a lumen, the tRCE was placed in the cecum (section of the large bowel).

6.2.3.1 Abdominal Mobility

During in vivo testing, a 5 cm long incision was made in the umbilicus of the pig and then the tRCE

was inserted through the incision with approximately 30 cm of wire tether to reduce drag on the tRCE. After

insertion, the incision was sutured around the wire to produce an air tight seal. Two 12 mm trocar ports

were inserted in the abdominal wall using a standard technique. One trocar was used for a laparoscopic

camera (model 22220130, Karl Storz, El Segundo, CA, USA) and CO2 insufflation, while the other was used

as a tool port (to manipulate the tRCE). Upon abdominal insufflation, the tRCE was positioned on bowel

and mesentery using laparoscopic tools. Then, the tRCE was activated to evaluate mobility on bowel and

mesentery. Next, the tRCE was repositioned onto the liver/abdominal wall using laparoscopic tools. Again,

the tRCE was activated to evaluate mobility on liver and abdominal wall. Throughout the test, video from
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the laparoscopic camera was recorded. The imaging system from the tRCE was also recorded throughout

the entire test to evaluate imaging system performance.

6.2.3.2 Imaging/Lighting

After mobility testing in the insufflated abdomen, the imaging system was tested. The light source

from the laparoscope was deactivated. The visible light source on the tRCE was activated, and then deacti-

vated. Next, the IR light source on the tRCE was activated and then deactivated. Finally, both the visible

and IR light sources on the tRCE were simultaneously activated and then deactivated. Throughout the test,

video from the tRCE camera was recorded for later viewing and evaluation.

6.2.3.3 Intraluminal Mobility

In order to test for mobility within a collapsed lumen, the tRCE was placed in the cecum of the

porcine model. Due to size restrictions, the test could not be performed in the small bowel, though future

versions of this device will likely be tested in the small bowel. The test was performed as follows. The 5 cm

long incision was reopened and the tRCE was removed from the abdomen. A section of the cecum (2.5 cm in

diameter) was pulled out of the abdomen and placed on the outside of the animal. A 3 cm incision was made

in the cecum and then the cecum was cleaned out using suction. The incision was held open using forceps

while the tRCE was inserted partially into the cecum (the cecum had to be stretched slightly around the

outside of the device). The tRCE was activated to evaluate the performance of the device in the collapsed

lumen.

6.3 Results

6.3.1 Device Performance

The purpose of the benchtop tests was to set a benchmark performance level for all tRCE tasks, so that

performance during the in vivo study could be compared to a control. During benchtop mobility testing, the

device successfully traversed the synthetic tissue. Also, the device travelled the maximum possible distance

(length of the synthetic tissue sample, 170 mm) between two layers of synthetic tissue with a 500 g mass
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on the top of it at an average speed of 3 mm/s. During the benchtop imaging system testing, an adequate

picture was displayed on the monitor for each of the lighting scenarios. Common objects (e.g., cord, pencil,

pen, calculator, battery, coin) placed within the field of view could easily be identified on the monitor under

all of the lighting scenarios, except for the scenario with no light, where none of the objects could be seen.

6.3.2 Porcine Study Results

6.3.2.1 Abdominal Mobility

During the first phase of the porcine study, the tRCE was placed in the insufflated abdomen of the

porcine. First the tRCE was placed on a combination of bowel and mesentery. When the motor was activated,

the tRCE moved forward approximately 5 cm with minimal slipping at an average speed of 3 mm/s. The

tRCE was positioned at an angle such that two of the sides (e.g., four treads) were in contact with the

tissue. After 5 cm of travel, the direction of the motor was reversed, and the tRCE traveled backwards 5

cm to the starting position at an average speed of 3 mm/s. Then, the tRCE was moved to the liver using

laparoscopic tools. The tRCE was positioned so that three sides of the tRCE were in contact with tissue

(Fig. 6.7). Two of the sides were in contact with liver, while a third side was in contact with abdominal

wall. Again, when the tRCE was activated, it traveled forward approximately 5 cm (Fig. 6.7, dashed line)

with no visible slipping at an average speed of 3 mm/s. When the motor was reversed, the tRCE traveled

back 5 cm to the original location at an average speed of 3 mm/s. The pitch of the tissue surfaces varied

between 0◦ and approximately 20◦.

6.3.2.2 Imaging/Lighting

Next, the imaging system was tested. The tRCE was positioned so that several organs of varying

color and density were in the field of view. The image from the camera with visible light only is shown in

Fig. 6.8. The image was adequate enough to identify the organs within the field of view. The image from

the camera with IR light only is shown in Fig. 6.6. The IR image provides a grey scale thermal view of

the organs. Although it was hard to identify the different organs, the IR light does provide a high contrast

image that could be useful in diagnosing diseased or unhealthy tissue. Figs. 6.8 and 6.6 are taken from the
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Figure 6.7: Tethered robotic capsule endoscope (tRCE) inside the insufflated abdomen of a live anesthetized
porcine on liver (view from laparoscope).
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same tRCE orientation, so the field of view is nearly identical. In Fig. 6.6 (showing infrared light), there

is a large white spot in the bottom center of the frame. This might initially be mistaken as contrast from

the tissue, but it is in fact a focused reflection from the infrared diodes. Since the visible light LEDs were

integrated on the camera board, they were internal to the lens cover. Glare from the LEDs on the lens cover

was noted at times which resulted in impaired vision.

Figure 6.8: View from the tethered robotic capsule endoscope (tRCE) imaging system inside the insufflated
abdomen using a visible light source.

6.3.2.3 Intraluminal Mobility

The final phase of the porcine study was the demonstration of mobility within a collapsed lumen.

Due to size restrictions, the device was placed inside the cecum of the large bowel and not the small bowel.

An incision was made in the cecum, and the device was placed about halfway into the incision. When the

device was activated, it traveled approximately 4 cm into the cecum. When the direction of the motor was

switched, the device traveled approximately 5 cm back out of the cecum, past the starting position. During

reverse operation, the device was working against gravity and with the added weight of the tether. This test

was repeated three times with similar results. During the travel through the cecum, minimal slippage was

observed. The device crawled through the cecum at an angle of 0◦ (horizontal) and 90◦ (vertical). While

the device was in the cecum, visual feedback was impaired due to the close proximity of the tissue to the
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camera lens.

6.4 Discussion

The results presented here demonstrate that mobility within the GI tract using a tethered capsule

type device is possible. The prototype device presented in this work is not suitable for travel through the

entire GI tract due to its large size, and size reduction is a necessary next step. Size reduction will enable

future devices to travel through the entire GI tract, and not only the large bowel. The device is also too

slow, and speed will need to be increased. The slow speed was a direct result of creating a device with high

torque. The next challenge will be to optimize speed and torque. Now that mobility has been demonstrated,

the focus can now be on making smaller and faster tRCE versions. The most recent version (Fig. 6.10),

not yet tested in vivo, was created using custom fabricated parts and has a 56% smaller cross-sectional area

than the tRCE tested in vivo (Fig. 6.9).

Figure 6.9: Tethered robotic capsule endoscope (tRCE) inside the cecum of a live anesthetized porcine.

This research demonstrates that a mobile tethered capsule endoscope with visual feedback is possible.

The visual feedback system of the device also needs improvement. The camera used was chosen based on

its small size, low cost, and easy integration. The analog camera provides a low quality picture, so future

iterations of this device will explore different imaging systems in order to compete with current CE image
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Figure 6.10: A smaller (approximately 56% decrease in cross-sectional area) tethered robotic capsule endo-
scope (tRCE) not yet tested in vivo with a dome lens cover to increase distance between the tissue and the
lens, and LEDs that are external to the lens to prevent reflection off the cover.
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quality. In future tRCE versions, similarly sized high-definition (HD) digital cameras will be used. However,

the HD cameras require a much more complicated integration scheme and were therefore not chosen for this

prototype device. The current camera is not the limiting feature for size reduction, so the tRCE can be

made substantially smaller without regard to the imaging system.

When tested in the cecum, the vision feedback was impaired due to the proximity of the tissue to the

lens. In an attempt to fix this visual impairment, a dome shaped lens cover has been added to the most

recent tRCE version (Fig. 6.10) increasing the distance between the tissue and the camera lens. Additionally,

during in vivo testing LED glare on the inside of the lens cover was noticed. This glare also impaired the

vision at times. To eliminate glare in the most recent version, the LEDs were placed external to the lens

cover. Infrared light was investigated because the IR LEDs were easy to implement and control. Since the

main focus of the most recent version was size reduction and increased image quality, the IR LEDs were not

integrated into the design.

The most important results of the study are the demonstration of tRCE mobility on tissue within an

open abdominal cavity and within a collapsed lumen. This current device is too large to fit in the small

bowel, which is why the large bowel was used for collapsed lumen testing. Although the device only traveled

5 cm on both abdominal tissue and in the collapsed lumen, distance was limited by the length and stiffness

of the tether. In future versions the tether will be lengthened and made less stiff, and eventually eliminated

so that longer travel distances will be attainable.

The results of this and previous research [115] show that in vivo mobility is possible in both the

insufflated abdominal cavity and a collapsed lumen using micro-patterned treads in a tRCE configuration.

These results suggest that the area of NOTES could possibly be advanced with future versions (smaller and

faster with higher quality video, onboard tools, and no tether) of the tRCE. A future version of a tRCE

would operate alone, eliminating the need for other endoscopes or laparoscopic tools. The tRCE presented

here could be reconfigured to enable turning capabilities in the abdomen by configuring two tRCEs side-by-

side in a tank configuration. As a maneuverable device, it could be positioned in places that a traditional

laparoscopic camera cannot, thus expanding potential camera views. Additionally, the advantages of a

mobile tRCE in the GI tract alone (excluding the abdomen) are numerous. With an active, cost effective,
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compact tRCE, the device could provide inexpensive non-invasive diagnostic, exploratory, surgical, drug and

other therapies at hard-to-reach locations within the small bowel. Of course, none of this will be possible

without the elimination of the tether, as a tethered device will suffer from the same limitations as traditional

enteroscopy. Furthermore, it is unlikely that a tethered RCE will develop enough traction force to drag a

tether deep within the small bowel. Therefore, future elimination of the tether will be necessary for practical

implementation of the tRCE.

A smaller version of the tRCE, termed tRCE v3 (Fig. 6.10) has been developed, but not yet exper-

imentally validated. The tRCE v3 consists of an outer housing for a centrally located, planetary geared,

DC motor (Faulhaber, Clearwater, FL), a custom designed geared drive train, and a series of rollers for the

micro-patterned PDMS treads to pass over as the tRCE moves. A custom designed worm (pitch diameter

of 0.0787 in and modulus of 0.013) is press fit and adhered to the shaft of the DC motor with a 5 Minute R©

Epoxy (ITW Devcon, Danvers, MA). The worm drives four mating worm gears (6 teeth, modulus of 0.013,

and pitch diameter of 1.99 mm) that are equally spaced, radially around the worm. Four adjacent shafts

also have cylindrical rollers (outer diameter of 2.30 mm and length of 8.38 mm) to drive the four PDMS

treads (approximately 6 mm wide and 0.75 mm thick). The rollers along the body of the housing have

various outer diameters to make the shape of the device more rounded. The shafts for the gears and rollers

are made from 1 mm drill bit shanks and are approximately 12 mm long. The device also has a centrally

located 4 mm diameter video camera (Bangu Technology Development Company Limited, Baoan District

Shenzhen Guangdong, China) with 30 fps and four 2 mm diameter, yellow LEDs (Digi-Key Corporation,

Thief River Falls, MN) embedded in a front cap to view and illuminate the bowel. A clear piece of plastic is

adhered to the front cap to prevent any fluids from entering the device and damaging the internal electronic

components. An end cap part is adhered to the rear of the device to protect the geared drive train. The

figure below shows computer-aided design (CAD) assembly views of the tRCE v3 design with the various

parts labeled.
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6.4.1 Conclusions

In this work a prototype tRCE was designed and fabricated. Main features of the tRCE consist

of micro-patterned PDMS tracking treads as a mobility method, forward and reverse locomotion, and an

onboard analog imaging system with both visible and IR light sources. The tRCE was tested in a controlled

laboratory setting as well as in a live anesthetized porcine surgery. The tRCE demonstrated mobility both

in benchtop and in vivo environments. The tRCE was able to traverse several abdominal tissue surfaces

(i.e., bowel, mesentery, abdominal wall and liver) in an insufflated abdominal cavity as well as travel in and

out of a collapsed lumen (i.e., the cecum). The imaging system provided an adequate visual feedback in the

insufflated abdomen with both visible and IR light sources, but failed to provide an adequate imaging in the

cecum, due to close proximity between the tissue and imager lens.
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The Development and Experimental Validation of an Analytical Model for In

Vivo Robotic Capsule Colonoscope Resistance Force

7.1 Introduction

In recent years, wireless capsule endoscopes (WCEs) have become commercially available and have

been a popular topic of research in the diagnostic robotics field. State-of-the-art WCEs are gaining popularity

as a screening tool within the gastrointestinal (GI) tract to aid in the diagnosis of diseases, such as colorectal

cancer (CRC) and inflammatory bowel disease (IBD). Cancer is the leading cause of death worldwide,

accounting for 7.6 million deaths (approximately 13% of all deaths) in 2008. Furthermore, death from

cancer is projected to rise to over 13.1 million in 2030 [156, 157]. Colorectal diseases, and in particular CRC,

affect a large number of people worldwide, with a strong impact on healthcare systems. It was estimated that

137,000 people will be diagnosed with CRC in 2014 (8.5%, or 3rd in incidence ranking, of all new cancers)

in the U.S., resulting in approximately 50,000 deaths (8% of all cancer deaths), making it the 3rd deadliest

cancer [121]. Additionally, CRC ranks fourth in terms of incidence rate among all cancers in high-income

countries, accounting for 608,000 deaths worldwide in 2008 [156]. There is a 90% 5-year survival rate if CRC

is detected at the earliest stage (confined to a primary site) [121]; however, the 5-year survival rate drops

to 13% if CRC is detected after the cancer has metastasized [121]. Only 40% of CRC cases are detected

in the earliest stage, in part due to the under-use of screening [121]. Therefore, regular screening is highly

recommended for patients older than 50 years or who have a family history of CRC. An adequate screening

procedure is one which allows for the detection and removal of colorectal polyps before progression to cancer
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[121]. The potential benefit of cancer screening, a life-saving procedure, can be achieved if accuracy and

reliability are high at every step. Screening is performed on predominantly healthy people, thus tests should

be low invasive to maintain a convenient trade-off between benefit and harm. A rise in screening procedure

prevalence has been linked to both incidence and death rate declinations [121]. Therefore, reliable regular

screening methods are imperative to early stage CRC diagnosis.

WCEs are a promising technology for CRC screening because they are non-invasive and compact,

resulting in a painless and accessible option for patients. However, there are several drawbacks to commer-

cially available designs which render them inferior to the clinically preferred endoscopic methods. WCEs rank

relatively low in diagnostic accuracy due to their passive nature. They are also limited to exploratory pro-

cedures as they do not have tools for therapeutic procedures, such as drug delivery or biopsies. One method

of addressing these drawbacks is to implement an active position control method. By actively controlling

WCEs, accuracy is improved due to the ability to position and orient the capsule, and return to abnormal

areas for secondary diagnoses. Additional capabilities could also be added to a soft-tethered capsule [12]

with a working channel, such as irrigation, insufflation, and tools for biopsies and drug delivery. The major

drawback of implementing locomotion for WCEs is the increase in complexity and size of the system.

Several actuation methods for WCEs are under development, including legged [18], treaded [17], inch-

worm [26], magnetic [27, 28, 38] and hybrid [24] systems, all of which require dragging the capsule through

the GI tract. A comprehensive discussion on capsule endoscope locomotion methods can be found in [158].

Knowing the resistance force on the capsule from the surrounding tissue is imperative for an effective,

efficient and safe design. The model developed in this work provides accurate prediction of the force required

to drag a WCE through the GI tract when the capsule is in partial contact with the GI wall (e.g., in the

insufflated colon or stomach). A typical problem setup is presented by using a magnetic actuation system

as an example, followed by the model development. A pilot study is performed on excised porcine colonic

tissue to validate the model with respect to each capsule design parameter (edge radius, length, diameter,

normal force and velocity) and to determine which parameter affects the drag force the most, followed by

an in depth study on excised colonic porcine tissue of that parameter (i.e., edge radius). Finally, a study is

carried out to validate the model in all regions of the GI tract (esophagus, stomach, small bowel, and colon).
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7.2 Background

For the purpose of presenting a potential application for the model and for determining realistic test

values, a magnetically actuated WCE system is considered. However, it is important to note that the model

and experiments were designed in such a way to be applicable to any system where a cylindrical capsule is

moved across a tissue substrate.

Magnetic actuation of WCEs is a promising locomotion method in development, and employs magnetic

coupling between an external magnet (located outside of the patient) and an internal permanent magnet

(IPM) located inside the capsule [3]. The external magnet is generally fixed to and manipulated by an

external robotic arm in order to guarantee higher stability for steering, and can be either an external

permanent magnet (EPM) or an electromagnet. Several groups have developed complete EPM systems

[38, 159, 36] and electromagnetic systems [160, 161, 162] including a system which uses magnetic resonance

imaging (MRI) to control the capsule endoscope [34]. A typical setup of a magnetic actuation system using

an EPM is summarized in Fig. 7.1a. An IPM is added to a typical WCE and placed in the GI tract. The

WCE is attracted to the EPM, but is constrained by the intestinal wall and surrounding organs. The EPM

can be positioned and oriented to induce a magnetic field ~B and a magnetic field gradient ∇ ~B which impose

forces and torques on the IPM within the capsule.

The magnetic force ~Fm and the magnetic torque ~Tm exerted on a magnetic capsule endoscope with

magnetic moment ~m in a magnetic field ~B, assuming that no electric current is flowing in the workspace,

are given by:

~Fm = (~m · ∇) ~B =

[
∂ ~B

∂x

∂ ~B

∂y

∂ ~B

∂z

]T
~m (7.1)

~Tm = ~m× ~B (7.2)

Locomotion is achieved when both of the following are satisfied:

FM = F∇ ~By = N · FW N ≥ 1 (7.3)

FD = F∇ ~Bx ≥ FR = Fx + FA + Ff (7.4)

where FM is the attraction force due to the magnetic field gradient, ∇ ~By, FW is the weight of the capsule,
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Figure 7.1: A simplified typical setup of a magnetically actuated system (a) using an external permanent
magnet, and the free body diagram of the bench top tests (b).
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FD is the drag force due to the magnetic field gradient, ∇ ~Bx, FR is the resistance force on the capsule, and

N is a design factor. N must be at least 1 to overcome the weight of the capsule. When N is larger than

1, a normal force (FN ) is introduced into the free body diagram in Fig. 7.1a. The resistance force, FR, is

a summation of forces opposing the drag force, FD, and includes friction (Ff ) and pressure on the front of

the capsule due to deformation of the tissue (FA and Fx). As long as tissue deflection (δmax) is non-zero or

h > 0, Fx exists and is equal to the integration of the horizontal component of the stress over the contact

area. FA only exists when (h+ δmax) > R, and is due to pressure from the tissue on the flat front face of

the capsule.

While it is true that FD and FM both increase as the operating distance (dy) decreases, capsule

actuation is not improved by minimizing dy because the normal force (FN ) and therefore tissue deflection

also increase, which increases the resistance force (FR). Using equation (7.3), a typical magnetic system might

employ N = 2 (see A for the derivation of N), which ensures enough attraction force to lift the capsule,

maintain a magnetic link and guarantee reliable capsule locomotion and steering, but not an excessive normal

force which can increase FR and the risk of tissue damage [145].

The general magnetic setup depicted in Fig. 7.1a can be represented as the free body diagram depicted

in Fig. 7.1b by assuming equivalent normal forces:

FN = F ′W = F∇ ~By − FW = (N − 1)FW (7.5)

where F ′W is the adjusted weight of the capsule mockup to simulate the normal force of the magnetic capsule

against the inside surface of the bowel.

FD can be increased by either increasing the size of the EPM or increasing its proximity to the IPM;

however, both of these solutions increase FM , FN , and therefore FR (equations (7.4)-(7.5)). To increase the

efficiency of the system, FR needs to be reduced. By decreasing the resistance force, the force needed to

move the capsule decreases (for a given operating distance) and FD can be used to overcome obstacles and

maneuver through constrictions. Additionally, the precision of the position and orientation of the capsule

increases with a decrease in FR (for a given operating distance) because the magnetic field gradient needed

to drag the capsule is lowered. As long as equation (7.3) remains satisfied, a decrease in FR can provide for
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an increase in operating distance, broadening the application of the system by accommodating patients of

different sizes. Decreasing the resistance force could also decrease the necessary size of the EPM, robotic

manipulator and overall size of the system. A further advantage of reducing FR is a decreased risk of tissue

damage and potential to spread cancerous or otherwise infected cells. The key to reducing FR is to identify

which capsule design parameters affect the required drag force, and how severely the affecting parameters

influence the drag force. The aim of this work is to develop a general model, and as such the magnetic

scenario is only one example application. For this reason, some details about the magnetic system have been

omitted from this work. A detailed discussion on magnetic theory and locomotion can be found in [38] and

[163].

Others have evaluated various capsule parameters in GI tribology studies, but only one [164] to the

authors’ knowledge which addressed capsule edge radius and only provided 3 data points. Additionally,

Kwon et al. only presented experimental results [164]. The study presented in this work offers a general

model for capsule locomotion system design and an in depth analysis on the effect of edge radius. Others

have extensively studied the effect of capsule diameter, length, speed, normal force, and velocity, all of which

were studied to assess model validity in this work. In summary, literature reports that resistance force is

directly proportional to capsule speed 1 , diameter 2 , length 3 , and normal force 4 .

7.3 Theory: Analytical Model Development

Others have developed models for predicting the resistance force on a capsule in the bowel [143, 141,

165, 139, 23], and they all rely on the assumption that the capsule distends the bowel in the radial direction,

allowing for a hoop stress analysis. However, this assumption is not valid for a colonoscopy with insufflation or

any other procedure where a cylindrical-shaped device is in one-sided contact with tissue (e.g., insufflated GI

or abdominal wall). Furthermore, the models rely on the tensile material properties of the bowel, and do not

take into account surrounding tissues in the abdomen, which may often be under compression. In particular,

[139] developed an analytical model based on a hoop stress analysis, and compared it to finite element model

1 [138, 139, 140, 23, 141, 165, 166, 142, 143]
2 [167, 164, 138, 139, 140, 23, 143]
3 [167, 140, 143]
4 [138, 140, 132]
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(FEM) results. [23] developed a similar model, using a hoop stress analysis and tensile properties reported

by [167], but included an empirical model for a propulsion force due to electrical stimulus of the bowel.

[141, 168] presented a velocity-dependent model, based on a hoop stress analysis, which also accounted for

viscous and Coulomb friction. [165] also developed a model for predicting frictional resistance at a constant

velocity, using a hyperelastic material model for the bowel. [143] present an interesting model for predicting

the resistance force, taking into account the peristaltic wave (modeled as a sin wave) for propulsion of the

capsule, but no validation (FEM or experimental) is presented. Some of these models present response as a

function of capsule diameter, length, weight and velocity, however, none of the models previously developed

present the response as a function of capsule edge radius ([164] only reports experimental data). The model

developed here focuses on the application where a capsule is not completely surrounded by the lumen, and

thus a hoop stress analysis is not applicable, and is experimentally validated with respect to capsule diameter,

length, edge radius, normal force, and velocity.

The goal of the analytical model was to provide an accurate prediction of the force necessary to drag

a capsule endoscope across a tissue substrate. In the case of a colonoscopy, where the lumen is insufflated

for visualization, the capsule endoscope is not completely surrounded by tissue, but rather is in contact with

the tissue on a partial circumference of the capsule. This may also routinely be the case in the stomach,

and could even be the case in the esophagus or small bowel if the size of the capsule is small enough. A

depiction of this scenario is shown in Fig. 7.2. Even though the thickness of the lumen wall throughout the

GI tract is small (≤ 2mm), the tissue substrate is modeled as a semi-infinite viscoelastic half-space, where

the dimensions of the tissue in the x and z (out of the page) directions are much larger than the thickness

of the tissue (H), and maximum strain of the tissue is less than 10%. This assumption is made based on

the fact that the GI wall rests on other viscoelastic organs (e.g., other parts of the bowel, mesentery, spleen,

liver and abdominal wall). For the problem presented in this work it is not realistic to model the intestinal

wall as a thin layer of tissue, but rather as a layer of tissue lying on other tissues.

The problem setup depicted in Fig. 7.2a consists of a capsule with diameter (D), length (L), weight

(FW ), and edge radius (R), traveling at a constant velocity (v) on a viscoelastic semi-infinite half-space.

It is important to note that in certain applications, the downward force on the capsule could include more
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Figure 7.2: A side-view (a) and end-view (b) of a capsule endoscope in contact with a viscoelastic (represented
as a 5-element Double Maxwell-arm Wiechert model) tissue substrate. A close-up view (c) of the front of
the capsule encountering a tissue fold (approximated as a cos function with amplitude h and quarter period,
or width, w).
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than just the weight, e.g., during magnetic attraction as described in equations (7.3)-(7.5). To simplify the

development of the model, the following assumptions were made:

(1) The capsule body is much stiffer than the tissue and is therefore assumed to be a rigid body.

(2) The capsule’s velocity is constant and motion is restricted to 2 degrees (i.e., x and y, but no rotation).

(3) Once in contact with the capsule, the deformation of the tissue conforms to the shape of the capsule.

(4) The tissue is incompressible (Poisson’s ratio ν = 0.5) and isotropic [141, 139].

(5) The tissue behind the trailing edge of the capsule remains momentarily deformed (due to the viscous

effect) and therefore does not apply stress on the capsule in the x-direction.

(6) The GI wall and underlying tissue substrate is modeled as a semi-infinite half-space.

Furthermore, the inside of the GI tract is not smooth, and the capsule can encounter folds, or bumps, in the

tissue. The model takes these into account by implementing a tissue shape function, f(x) (Fig. 7.2c).

f(x) =


h− h cos (bx) x ≤ w

h x > w

(7.6)

b =
π

2w
(7.7)

where w is defined as the width of the fold or a quarter period of h cos (bx), and h is defined as the height of

the fold or the amplitude of h cos (bx). h and w are determined experimentally, and the procedure for doing

so is described in Section 7.4.1.4.

The tissue, assumed to be a semi-infinite viscoelastic half-space, is modeled using a Double Maxwell-

arm Wiechert (DMW) model (5-element), as depicted in Fig. 7.5b (inset). The semi-infinite half-space is

defined on −∞ < x < ∞, −∞ < z < ∞, and 0 < y < H, where H is the thickness of the GI wall and

underlying tissue. The Prony series for a generalized Maxwell-Wiechert viscoelastic model for compressive

relaxation is defined in equation (7.8).

E (t) = E0 −
N∑
i=1

Ei

[
1− exp

(
− tEiηi

)]
(7.8)
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Under constant velocity conditions and truncating the generalized Maxwell-Wiechert model to the DMW

model, the stress in the tissue is defined in equation (7.9),

σ (x) = ε (x)E (x) = ε (x)

[
E0 + E1 exp

(
−E1x
η1v

)
+E2 exp

(
−E2x
η2v

)]
(7.9)

E0, E1, and E2 are the spring constants, while η1 and η2 are the viscous coefficients of the dashpots in the

DMW model. The parameters for the DMW model are determined using compressive stress-relaxation tests,

described in Section 7.4.1.3. It is worth mentioning that the DMW (5-element) model was chosen due to a

satisfactory compromise between model complexity and accuracy. The DMW model was shown to have a

35% improved model fit over the commonly used standard linear solid (SLS) viscoelastic model on porcine

spleen and liver while maintaining model simplicity [135]. In order to calculate stress, the strain (ε) in the

tissue needs to be defined.

The strain is formulated assuming that the capsule is constrained to translational (no rotation) motion

in 2 dimensions, x and y. First, the contact angle, ϕ1, is defined as

ϕ1 =



0 R = 0

π
2 R ≤ (h+ δmax)

cos−1
(
R−h−δmax

R

)
R > (h+ δmax) .

(7.10)

ϕ1 has a maximum value of π/2 which occurs when (h+ δmax) ≥ R. When (h+ δmax) > R, the force on the

flat front face of the capsule is accounted for with FA, described in equations (7.27-7.29). The origin is set

at the contact point, and since the purpose of the model is to predict the maximum force required to drag

a capsule, it is assumed that the peak height of the tissue fold is also at the origin (Fig. 7.2c). The distance

from the origin to the end of the curved capsule front is

xa = R sin (ϕ1) , (7.11)

where xa must be less than R, and is zero when the capsule consists of only a cylindrical body with no

curved front (R = 0). The vertical distance from the origin to the capsule midline can be calculated using

equation (7.12).

δmid (x) = R−R cos (ϕ (x))− h− δmax (7.12)
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where δmax is the maximum vertical deflection of the capsule into the tissue, and ϕ (x) is a piece-wise

function, defined in equation (7.13).

ϕ (x) =



sin−1
(
xa−x
R

)
x ≤ xa

0 x > xa

0 R = 0

(7.13)

Considering the geometry of the problem from a cross-sectional perspective (Fig. 7.2b), the deflection of the

capsule as a function of x and θ is

δ (x, θ) =
D

2
− h− δmax − cos (θ)

(
D

2
− h− δmax − δmid (x)

)
(7.14)

where θ is the angle from δmid (x) and is defined on −α (x) ≤ θ ≤ α (x), where α (x) is

α (x) = cos−1

(
D
2 − δmax − h− f (x)

D
2 − δmax − h− δmid (x)

)
. (7.15)

Now that the deflection of the capsule in the tissue is defined, strain can be defined as

ε (x, θ) =
f (x)− δ (x, θ)

f (x) + h+H
. (7.16)

The stress in the tissue and therefore on the capsule as a function of x and θ is defined in equation (7.17).

σ (x, θ) = ε (x, θ)

[
E0 + E1 exp

(
−E1x
η1v

)
+E2 exp

(
−E2x
η2v

)]
(7.17)

The stress can be broken up into horizontal (σx) and vertical (σy) components.

σx (x, θ) = σ (x, θ) sin (ϕ (x)) (7.18)

σy (x, θ) = σ (x, θ) cos (ϕ (x)) cos (θ) (7.19)

δmax can be numerically solved for by integrating the stress in the vertical direction and setting it equal

to the weight of the capsule. However, the integration limits depend on the geometry of the tissue fold. A

constant, xh, is defined as the x-coordinate where the capsule midline equals the height of the tissue fold

(h = δmid (xh)) and is

xh = xa −R

√
1−

(
R− δmax

R

)2

. (7.20)
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If w < xh (Fig. 7.3, left), then the integration must be divided into two parts, as described by equation

(7.21),

F ′W = 2

xD∫
0

α(x)∫
0

σy (x, θ) ρ (x) dθ dx+ 2

xa+L−2R∫
xh

α(x)∫
0

σy (x, θ) ρ (x) dθ dx (7.21)

where

ρ (x) =
D

2
− δmax − h− δmid (x) (7.22)

f (xD) = δmid (xD) 0 < xD < w. (7.23)

xD can be found by numerically solving equation (7.23). Therefore, when w < xh the numerical approxi-

mation of xD and δmax are simultaneously performed (using lsqnonlin in MATLAB). If w ≥ xh (Fig. 7.3,

right), then only one integration is needed, as described in equation (7.24).

F ′W = 2

xa+L−2R∫
0

α(x)∫
0

σy (x, θ) ρ (x) dθ dx (7.24)

The integrands in (7.21) and (7.24) are multiplied by a factor of two and the integration with respect to θ

is performed from zero to α (x) due to symmetry about the x-y plane.

x

y

h

δmax

xdwxhR

f(x)

δmid(x)

w < xh

x

y

h

δmax

w xhR

f(x)

δmid(x)

w x≥ h

Figure 7.3: Schematics of the two different integration regimes depending on whether w < xh (left) or w ≥ xh
(right).

Now that δmax is known, the force, Fx, due to the stress on the capsule by the tissue can be calculated

by integrating the x-component of the stress over the surface of the capsule in contact with the tissue. Again,

the integration limits are dependent on the geometry of the tissue profile. If w < xh (Fig. 7.3, left), then
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the integration must be divided into two parts, as described by equation (7.25).

Fx = 2

xD∫
0

α(x)∫
0

σx (x, θ) ρ (x) dθ dx+ 2

xa+L−2R∫
xh

α(x)∫
0

σx (x, θ) ρ (x) dθ dx (7.25)

If w ≥ xh (Fig. 7.3, right), then only one integration is needed, as described by equation (7.26).

Fx = 2

xa+L−2R∫
0

α(x)∫
0

σx (x, θ) ρ (x) dθ dx (7.26)

Similar to equations (7.21) and (7.24), the integrands in (7.25) and (7.26) are multiplied by a factor of two

and the integration with respect to θ is performed from zero to α (x) due to symmetry about the x-y plane.

If (δmax + h) > R and R < D/2, then the tissue will exert an additional horizontal stress on the front

face of the capsule, which is not accounted for in equation (7.26). When this is the case, the front face of

the capsule is at x = 0, so using equation (7.17), the stress on the face becomes

σx = εA (E0 + E1 + E2) (7.27)

Then, estimating an average strain of 20%, and calculating the frontal capsule area, A, that is in contact

with the tissue, the force, FA, from the stress on the front of the capsule can be defined as

FA = εA (E0 + E1 + E2)A (7.28)

A = (D/2−R)
2

cos−1 (u)− (h+ δmax −D/2)2
√

1− u2
u

(7.29)

where u = D/2−h−δmax
D/2−R .

In addition to the force on the capsule due to the stress of the tissue, there is a frictional force. The

frictional force on the capsule is calculated using Coulomb’s dry friction law. The normal force is calculated

by integrating the vertical component of the stress over the contact area of the capsule, similar to equations

(7.21) and (7.24), except now δmax is a known parameter. The integration limits depend on the geometry

of the tissue. If w < xh (Fig. 7.3, left), then the integration must be divided into two parts, as described by

equation (7.30).

Ff = 2µ (v)

xD∫
0

α(x)∫
0

σy (x, θ) ρ (x) dθ dx+ 2µ (v)

xa+L−2R∫
xh

α(x)∫
0

σy (x, θ) ρ (x) dθ dx (7.30)



www.manaraa.com

170

where µ (v) is an experimentally determined coefficient of friction. If velocity dependence is not considered,

then µ is a constant and can be experimentally determined at the velocity of interest. If velocity dependence

is desired, then the coefficient of friction is defined by equation (7.31).

µ (v) = qvp + c (7.31)

where p, q and c are experimentally determined constants. The procedure for determining µ (as well as p,

q, and c in the case of velocity dependence) is described in Section 7.4.1.2. If w ≥ xh (Fig. 7.3, right), then

only one integration is needed, as described by equation (7.32).

Ff = 2µ (v)

xa+L−2R∫
0

α(x)∫
0

σy (x, θ) ρ (x) dθ dx (7.32)

The total drag force (FD) is the summation of the x-component of the force from the contact stress of the

frictional force Ff and the resistance force (FA when (δmax + h) > R and R < D/2) from the flat front

surface of the capsule.

FD = Fx + Ff + FA (7.33)

The output of the model is presented in Section 7.5.1. A pilot study was performed to validate the

model with respect to design input parameters (R, L, D, FW , and v) and the results are presented in Section

7.5.2. An in depth study was then performed to further evaluate the effect of the most significant design

parameter (R), and the results are presented in Section 7.5.3. The model was then validated for tissue

properties of various regions in the porcine GI tract (esophagus, stomach, small bowel and colon), and the

results of this study are presented in Section 7.5.4.

7.4 Materials and Methods

Methodology is divided into two main sections: Model Input (Section 7.4.1), and Tribology Experi-

ments (Section 7.4.2). A review of similar models was presented, and the development of the authors’ model

was explained in Section 7.3 (Theory: Analytical Model Development). The model requires several input

parameters, including tissue morphology parameters, tissue compressive properties, and coefficient of fric-

tion. The methods for obtaining these input parameters are detailed in Section 7.4.1 (Model Input). Model
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validation consisted of measuring the force required to drag various capsule mockups across porcine tissue

samples, and this methodology is described in Section 7.4.2 (Tribology Experiments).

7.4.1 Model Input

The model requires several inputs, which can be divided into two categories, design parameters and

tissue parameters. Design parameters are subjective, and as such, need to be defined for the validation

experiments. The method for defining design parameters is described in Section 7.4.1.1. Tissue parameters

are beyond the control of the designer and are therefore determined experimentally for the model validation.

The methods for determining the input parameters are described in the following three sections, Coefficient

of Friction (µ) , Compressive Tissue Properties (E0, E1, E2, η1, and η2), and Tissue Morphology (h and w).

All parameters were determined for each tissue sample used during the tribology experiments (described in

Section 7.4.2).

7.4.1.1 Design Parameter Definition

Design parameters that needed to be defined for the model validation were capsule diameter (D),

length (L), edge radius (R), mockup weight (FW ) and velocity (v). The baseline parameters for the geometry

of the capsule (D, L, and R) were derived from the PillCam Colon 2 (representing the gold standard for

colonoscopy capsule procedures) and are summarized in Table 7.1. The baseline values were then varied in

order to obtain a range of experimental values for model validation. In the case of length and diameter, the

baseline values were defined as lower bounds and the upper bounds were defined as twice the baseline values.

In the case of edge radius, the baseline value was defined as the upper bound, which creates a hemispherical

end, and the lower bound was defined as a cylindrical capsule (R = 0). The overall length (L) of the capsule

mockups were kept constant while varying R.

The baseline value for velocity was defined as the in vivo capsule speed required to obtain a 5 min

cecal intubation during a colonoscopy, which is slightly less than the average cecal intubation time for an

experienced endoscopist [169, 170]. The lower bound velocity was defined as near-zero, and the upper bound

was defined as the speed necessary for a 2.5 min cecal intubation, a 50% reduction in cecal intubation
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Table 7.1: Design parameters for the capsule mockups which were used during the experiments to validate
the model.

Parameter Baseline Value Boundary Values Unit
Diameter (D) 11.6 11.6, 23.2 mm

Length (L) 31.5 31.5, 63.0 mm
Edge radius (R) 5.8 0.0, 5.8 mm

Weight (FW ) 63.2 63.2, 100.9 mN
Velocity (v) 5 0.1, 10 mm/s

when compared to experienced endoscopists [169, 170]. Speeds above 10mm/s (the upper bound of the

experimental range) are not practical in a clinical setting because the physician won’t have time to thoroughly

examine the inside of the GI tract.

The process to determine the baseline value for the capsule mockup weight is more involved. A

magnetic system, similar to the one depicted in Fig. 7.1a, is assumed to be the capsule locomotion method.

It is assumed that neodymium magnets are used in a PillCam Colon capsule and that they consume 15% of

the capsule volume. Using the density of neodymium
(
ρNd = 7500 kg/m3

)
, and the volume

(
V = 2920mm3

)
and mass (m = 3.22 g) of the PillCam Colon 2, the weight of the magnetic capsule can be calculated using

equation (7.34).

FW = (m+ 0.15V ρ) g (7.34)

Then, using equation (7.5) and N = 2 (see Appendix A for derivation of N), the adjusted weight (F ′W ) of

the capsule mockup can be calculated, which is equal to FW when N = 2. From this point forward, the

capsule mockup adjusted weight will be referred to as FW . It is important to stress that the parameters

here are based on a typical magnetic capsule locomotion scenario, but can be adjusted to comply with any

locomotion scenario.

In an attempt to isolate the effect of each parameter, each was varied independently, while the non-

varied parameters were kept at the baseline value.

7.4.1.2 Coefficient of Friction

Drag tests were performed on each tissue sample to measure the coefficient of friction. The experi-

mental setup for the drag tests is depicted in Fig. 7.4c, and consists of a robotic manipulator (Melfa RV-6SL,
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Figure 7.4: Experimental setup for stress-relaxation indentation tests (a), interferometer tests for measuring
tissue morphology (b), tribology tests for measuring coefficient of friction and drag force (c), the capsule
mockups used in the pilot study (d), and the capsule mockups used in the edge radius study (e).
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Mitsubishi, Tokyo, Japan), load cell (Nano17, ATI Industrial Automation, Apex, NC, USA), cable, capsule

mockup, tissue sample, and synthetic tissue substrate (Kyoto Kagaku, Japan). The load cell was fixed to

the end effector of the robotic manipulator and connected to a computer through a data acquisition system

(PCI-6220, National Instruments, Austin, TX, USA). The cable was used to connect the capsule mockup to

the load cell. The end effector of the robot was positioned so that the cable was parallel to the substrate

when fully extended. In an attempt to eliminate edge effects of the capsule and isolate the capsule-tissue

interface, a capsule mockup with a hemispherical (R = D/2) end and a smooth section of tissue were used.

The tissue sample was placed on the synthetic tissue substrate and the perimeter of the tissue was fixed to

the substrate using pins, simulating the in vivo mesentery anchoring points. The capsule was pulled across

the tissue at a constant velocity (v = 5mm/s) by the robotic manipulator while force data from the load

cell was logged (10 kHz). The drag test was repeated 10 times for each tissue sample.

Typical filtered raw data fo a single trial is shown in Fig. 7.5a. A Savitzky-Golay filter was applied to

the raw data to remove spikes and high frequency signal noise. The steady-state data (middle 60%) of each

trial was averaged and divided by the weight of the capsule mockup to obtain a single coefficient of friction

(µ) value for each trial. The ten trials were averaged to obtain the coefficient of friction for each tissue

sample. A low weight (63.2mN) was used to minimize vertical deflection into the tissue and a capsule with

a large radius (R = 5.8 mm or a hemispherical end) was used to minimize any edge effects in an attempt to

only measure frictional force. The measured constant velocity coefficients of friction for each tissue sample

used in this study are reported in Table 7.2.

Friction between viscoelastic materials is velocity dependent. In this study, the velocity dependence

of the analytical model was validated, so a velocity dependent coefficient of friction was derived for the tissue

sample used during this validation. To obtain the velocity dependent coefficient of friction, 10 drag tests

were performed over a range of 10 velocities (0.1, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10mm/s), and the averaged

raw data (divided by the normal force) was fit to equation (7.31) using the method of least squares to find

q, p, and c. The values of q, p, and c are reported in Table 7.3.
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Figure 7.5: (a) Typical raw data for a friction measurement trial after the application of a Savitzky-Golay
filter to remove spikes and high-frequency signal noise. The steady-state (middle 60%) force data from each
trial is averaged. Ten trials were performed for each tissue sample. The coefficient of friction for a given
tissue sample is calculated as the mean of the 10 trials. (b) Typical raw data (points) from indentation
tests, the 5-element DMW model (inset) used to represent the tissue mechanics, and the resulting fit to the
data (solid line). Five trials were performed for each tissue sample, and the mean for each parameter was
used as inputs for the analytical model. Relaxation time (trial duration) and recovery time (time between
trials) were 120 s. (c) Typical raw data for drag force tests after the application of a Savitzky-Golay filter
to remove spikes and high-frequency signal noise. The maximum force from each trial is found and averaged
across all trials for each tissue/capsule combination. A typical trial for a cylindrical capsule (R = 0.0 mm,
blue curve) produces a larger drag force than a capsule with hemispherical ends (R = 5.8 mm, gray curve).
(d) A typical analytical model output and individual components of the drag force (FD). Force is plotted as
a function of edge radius (R) at a constant capsule length (L = 31.5 mm), diameter (D = 11.6 mm), weight
(FW = 63.2 mN), velocity (v = 5 mm/s) and tissue profile (h = 2.40 mm and w = 2.45 mm).
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7.4.1.3 Compressive Tissue Properties

The compressive properties of the tissue were determined by performing compressive stress-relaxation

tests on the tissue and underlying soft substrate (Kyoto Kagaku, Japan). It is important to note that the

values reported in this work are lumped properties, representing the combined response of the tissue and

underlying substrate, and should not be interpreted as compressive properties of the GI wall. This method

was chosen to closely match the model assumption that the capsule is traveling through a GI tract, which

rests against other tissue. Furthermore, these parameters represent reliable input to validate the model.

The experimental setup for the stress-relaxation tests is shown in Fig. 7.4a, and consists of an indenter

probe (7mm radius), a robotic manipulator (Melfa RV-6SL, Mitsubishi, Tokyo, Japan), load cell (Nano17,

ATI Industrial Automation, Apex, NC, USA), cable, capsule mockup, tissue sample, and synthetic tissue

substrate (Kyoto Kagaku, Japan). The load cell was fixed to the end effector of the robot and the probe was

fixed to the load cell. The GI tissue sample was fixed to the synthetic tissue substrate using pins, and the

indenter probe was oriented so that it was centered on and perpendicular to a relatively smooth section of

tissue. The vertical position of the probe was calibrated to the surface of the tissue, and then five consecutive

indentation tests were performed. The relaxation (trial duration) and recovery (between trial) times were

120 s. Indentation depths (measured from tissue surface to probe end depth) varied between 0.7mm and

2mm in an attempt to induce a maximum load cell force of 200mN (the approximate expected maximum

in vivo force on a capsule based on preliminary measurements). Force data from the load cell were collected

(1 kHz) during the trials for post-processing.

Typical raw data for a single trial is shown in Fig. 7.5b (data points). A 5-element DMW model (Fig.

7.5b, inset) was used to model the compressive properties of the tissue. The stress-strain relationship for

the DMW model is described by equation 7.9. The parameters E0, E1, E2, η1, and η2 were determined for

each trial using the procedure described in [135]. The five trials are then averaged to produce a single value

for each tissue sample.
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7.4.1.4 Tissue Morphology

The tissue shape function used in the model is described by equations (7.6)-(7.7), and requires two

experimentally determined inputs, h and w. h is the height of a tissue fold, or the amplitude of the cos

function in equation (7.6) (Fig. 7.2c), while w is a quarter period of the cos function in equation (7.6) (Fig.

7.2c).

To determine h and w, an interferometer (optoNCDT 1401-10, Micro-Epsilon, Ortenburg, Germany)

was used, as shown in Fig. 7.4b. The interferometer was attached to the end effector of the robotic arm (Melfa

RV-6SL, Mitsubishi, Tokyo, Japan) and oriented above the tissue at a distance within the measurement range

of the interferometer (between 20 and 30mm). The end effector was then programmed to perform a zig-zag

scanning pattern above the surface of the tissue used during the drag tests (approximately 100mm long and

25mm wide). The long axis of the scan was aligned with the capsule’s direction of travel during the drag

tests. The location of the robot in the x-y plane was recorded (500µm resolution), while interferometer data

in the z-direction was recorded (5µm resolution) for post-processing.

Robot position and interferometer data were combined in a post-processing algorithm to produce a

surface plot. Interpolation between point was performed to obtain a 3-dimensional (3D) representation of

the tissue surface Fig. 7.6a. The surface map was then broken into slices (1 slice every 500µm), as in Fig.

7.6b, and a peak finding algorithm was used to find the height and width of each local maximum. The

heights and widths were then averaged across the entire surface map to obtain the average fold height (h)

and width (w).



www.manaraa.com

178

x [mm]

0 20 40 60 80 100

y
 [

m
m

]

-3

-2

-1

0

1

2

a.

b.

25

0z 0 x

100

y

Figure 7.6: A typical 3-dimensional (3D) map of the tissue surface (a), and the cross-sectional profile of a
single slice of the surface map in the direction of capsule travel (b).
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Table 7.2: Measured mean material properties (model inputs) for each tissue sample used throughout the study. The prefix “P-” indicates that the
tissue sample was used for the pilot study. All capsules in Fig. 7.4d were used on “P-” tissue samples. The prefix “v-” indicates that the tissue sample
was used for the velocity dependence validation. Capsule R3 in Fig. 7.4d with FW = 63.2 mN was used on the “v-” tissue sample. The prefix “ER-”
indicates that the tissue sample was used for the in-depth edge radius study. All capsules in Fig. 7.4e were used on “ER-” tissue samples. No prefix
indicates that the tissue was used for the GI region validation. Tissue region abbreviations are “ESO”, “S”, “SB”, and “C” for porcine esophagus,
stomach, small bowel, and colon, respectively. Capsule R3 in Fig. 7.4d with FW = 63.2 mN was used on all “ESO”, “S”, “SB”, and “C” tissue samples.
Three porcine colon tissue samples were used for both the pilot study and edge radius study. Three porcine tissue samples from each region of the GI
tract were used for the GI region validation study. One porcine tissue sample was used for the velocity dependence validation. q, p, and c (Table 7.3)
are determined using velocity dependent drag force data and the method of least squares.

Sample ID
Property

µµµ E0 (kPa) E1 (kPa) E2 (kPa) ηηη1 (kPa ··· s) ηηη2 (kPa ··· s) h (mm) w (mm)
P-C1 0.2005 4.837 6.177 4.044 4.337 120.6 2.930 3.009
P-C2 0.6198 4.993 5.525 2.996 4.579 98.34 3.383 2.732
P-C3 0.1022 3.847 3.655 2.000 3.364 71.20 2.339 2.965

v-C1 qvp + c 16.61 8.606 4.475 5.218 93.31 0.053 2.957

ER-C1 0.2915 26.96 16.55 7.877 11.30 228.2 2.165 3.860
ER-C2 0.3496 14.41 7.916 4.274 6.140 135.7 3.078 5.264
ER-C3 0.1839 12.96 13.08 8.783 13.28 313.2 0.013 3.952

ESO1 0.7818 14.24 7.497 4.098 5.366 108.1 0.7774 2.755
ESO2 0.7289 6.218 4.442 1.782 3.684 55.47 1.663 1.272
ESO3 0.7923 5.027 3.929 1.922 2.881 58.63 2.916 1.280

S1 0.3427 6.794 5.929 3.816 4.859 124.3 1.892 2.186
S2 0.3276 16.25 8.623 4.158 6.187 121.4 3.132 1.969
S3 0.3709 8.630 5.746 3.073 4.913 105.8 1.838 3.163

SB1 0.2017 2.668 8.552 6.982 7.103 7.84 · 105 0.8190 1.734
SB2 0.3248 11.52 8.642 6.744 7.259 243.2 1.074 1.496
SB3 0.3145 3.674 6.611 3.994 5.132 9.28 · 105 0.8067 2.688

C1 0.3037 9.562 8.186 4.777 5.455 160.3 2.270 3.566
C2 0.3191 16.29 12.65 7.700 8.854 251.5 3.104 2.377
C3 0.3083 15.68 9.932 5.358 7.123 179.9 1.246 3.360
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Table 7.3: Measured parameters for the velocity dependent coefficient of friction, µ(v) = qvp+c. One porcine
colon (v-C1) tissue sample was used to validate the velocity dependence in the model.

Sample ID
Parameter

q p c
v-C1 0.8766 -0.05506 -0.9221

7.4.2 Tribology Experiments

Tribology experiments were performed for the Pilot Study, the Edge Radius Evaluation, and the GI

Tract Region study. The methodology for the tribology experiments is similar to the process described for

the coefficient of friction measurements in Section 7.4.1, but is repeated here for completeness. All tribology

experiments were performed using a synthetic tissue substrate (Kyoto Kagaku, Japan), a tissue sample, a

capsule mockup, a 6 DoF robotic arm (Melfa RV-6SL, Mitsubishi, Tokyo, Japan), and a load cell (Nano17,

ATI Industrial Automation, Apex, NC, USA). For all tests, the load cell was attached to the end effector of

the robotic arm, the tissue sample was placed on the synthetic tissue substrate, and the capsule mockup was

attached to the load cell with a light-weight cable. A single drag test consisted of pulling a capsule across the

tissue at a set speed while measuring the drag force (10 kHz). All of the capsule mockups were fabricated

using the same 3D printer (ProJet HD3000, 3D Systems, Rock Hill, SC, USA) and material (VisiJet EX200,

3D Systems, Rock Hill, SC, USA). All capsules were sanded using 200 grit sand paper to obtain a smooth

finish. Typical trials of a cylindrical capsule and a capsule with hemispherical ends are shown in Fig. 7.5c.

7.4.2.1 Pilot Study

A pilot study was carried out to validate the model response with respect to all of the inputs. Con-

trollable inputs were varied by changing design parameters (R, D, L, FW ) and testing conditions (v) while

uncontrollable inputs were varied by using multiple porcine colon tissue samples (P-C1, P-C2, P-C3 in Table

7.2 and v-C1 in Table 7.3).

Controllable design parameters for the pilot study were varied independently with the capsules pic-

tured in Fig. 7.4d using values from Table 7.1. Specifically, R was varied 3 times (R1 = 0.0mm,

R2 = 2.9mm, R3 = 5.8mm), while D, L, and FW were kept at their baseline values (D = 11.6mm,
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L = 31.5mm, and FW = 63.2mN). Similarly, D was varied 3 times (D1 = 11.6mm, D2 = 17.4mm,

D3 = 23.2mm), while R, L, and FW were kept at their baseline values (R = 5.8mm, L = 31.5mm, and

FW = 63.2mN). Then L was varied 3 times (L1 = 31.5mm, L2 = 47.3mm, L3 = 63.0mm), while R, D,

and FW were kept at their baseline values (R = 5.8mm, D = 11.6mm, and FW = 63.2mN). Lastly, FW

was varied 3 times (FW1 = 63.2mN , FW2 = 82.1mN , FW3 = 100.94mN), while R, D, and L were kept

at their baseline values (R = 5.8mm, D = 11.6mm, and L = 31.5mm). FW1, FW2, and FW3 were created

by adding weight to capsule “L1,D1,R3” in Fig. 7.4d. Ten drag tests at a velocity of 5 mm/s (the speed

necessary for a 5 min cecal intubation, which is the average time [169, 170] for experienced endoscopists)

were performed for each parameter combination on three separate porcine colon samples (P-C1, P-C2, and

P-C3 in Table 7.2). The maximum force from all 10 drag tests were averaged to obtain a single value for

each tissue sample and parameter combination (9 parameter combinations and 3 tissue samples for a total

of 27 values).

The velocity dependence of the model was validated using a single capsule with baseline design param-

eter values (R = 5.8mm, D = 11.6mm, L = 31.5mm, and FW = 63.2mN) on one sample of porcine colon

tissue (v-C1). A velocity-dependent coefficient of friction was determined using the procedure described in

Section 7.4.1.2, and then 10 drag tests were performed at 10 different velocities (0.1, 1, 2, 3, 4, 5, 6, 7, 8,

9, and 10 mm/s) for a total of 100 trials. The maximum force from all 10 drag tests at each velocity were

averaged to obtain a single value for each velocity (10 values).

7.4.2.2 Edge Radius Evaluation

It was determined that the most influential parameter on drag force magnitude was edge radius R

(see Section 7.5.2), so an in depth study of that parameter was performed. Ten capsules (pictured in Fig.

7.4e) were fabricated with varying edge radius (R = 0.0 mm to R = 5.8 mm) and baseline values for D, L,

and FW . Ten drag tests were performed at each edge radius on three separate porcine colon tissue samples

(ER-C1, ER-C2, and ER-C3 in Table 7.2). The maximum force from all 10 drag tests at each edge radius

and tissue sample were averaged to obtain a single value for each edge radius and tissue sample (10 edge

radii and 3 tissue samples for a total of 30 values).
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Three porcine colon samples were used for the edge radius study. An attempt was made to choose two

relatively rough tissue samples (hER-C1 = 2.165 mm and hER-C2 = 3.078 mm), and one relatively smooth

tissue sample (hER-C3 = 0.013 mm) to further confirm the validity of the analytical model.

7.4.2.3 GI Tract Region

To evaluate the validity of the model throughout all regions of the GI tract, drag tests were performed

on 3 tissue samples from porcine esophagus (ESO1, ESO2, and ESO3 in Table 7.2), stomach (S1, S2, and

S3 in Table 7.2), small bowel (SB1, SB2, and SB3 in Table 7.2) and colon (C1, C2, and C3 in Table

7.2). Ten drag tests were performed on each tissue sample using a capsule with baseline design parameters

(R = 5.8mm, D = 11.6mm, L = 31.5mm, and FW = 63.2mN). The maximum force from all 10 trials

were averaged to obtain a single value for each tissue sample (12 values total).

7.5 Results and Discussion

The results of the study are divided into 4 sections: in Section 7.5.1, the general response of the model

with respect to all of the inputs is presented; in Section 7.5.2, the validation of the model with respect to R,

D, L, FW , and v is presented from the results of the pilot study; in Section 7.5.3, the in depth evaluation of

edge radius is presented; Section 7.5.4 presents the results of the GI tract region study.

7.5.1 Model Output

Given a set of inputs, the analytical model described in Section 7.3 outputs a drag force. To exemplify

the effect that each input parameter had on the output of the model, each input was varied according to

the “Range” column in Table 7.4 while holding all other inputs at the baseline value. Compressive material

properties (E0, E1, E2, η1, and η2) were not varied, but were set equal to the values in Table 7.4, which

are a mean of the material properties measured in all of the tissue samples used throughout the study. The

response of the model is presented in Figs. 7.5d and 7.7-7.10 without any experimental data. The separate

components and typical response of the entire model is shown in Fig. 7.5d. The model response in terms of

drag force (FD) is shown in Figs. 7.7-7.8, while the model response in terms of maximum vertical deflection
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of the capsule (δmax) is shown in Figs. 7.9-7.10, which is useful to look at when dissecting the underlying

physics of the problem.

Table 7.4: Input parameters used for Figs. 7.5d and 7.7-7.10. Capsule edge radius, length, diameter, weight,
velocity, tissue fold height and tissue fold width were independently varied to exemplify their effect on the
model output. Compressive tissue properties were not varied, and were defined at typical values observed in
the tissue samples used throughout the study.

Parameter Baseline Value Range Unit
E0 10.6 – kPa
E1 8.01 – kPa
E2 4.68 – kPa
η1 6.16 – kPa·s
η2 145 – kPa·s
µ 0.393 – –

Length (L) 31.5 [31.5, 63] mm
Diameter (D) 11.6 [11.6, 23.2] mm

Edge Radius (R) 5.80 [0, 5.8] mm
Weight (FW ) 63.2 [60, 105] mN
Velocity (v) 5.00 [0, 10] mm/s

Max fold height (h) 2.40 [0, 4.8] mm
Max fold spacing (w) 2.45 [0.1, 6] mm

The first step to analyzing the model output is to understand the contributions of the individual

components of the drag force, as described in equation (7.33). There are three components to the model

output as defined in equation (7.4); the horizontal component of the stress induced on the capsule by the

tissue integrated over the contact area (Fx), the frictional force (Ff ), and the horizontal force induced by

contact between tissue and the vertical leading end of the capsule (FA). The total model output along with

the individual components is presented in Fig. 7.5d. The model output in Fig. 7.5d is shown as a function of

edge radius (R) at a constant capsule length (L = 31.5 mm), diameter (D = 11.6 mm), weight (63.2 mN),

velocity (5 mm/s) and tissue profile (2.40 mm and w = 2.45 mm). The most obvious and intuitive source

of resistance is frictional force (Ff ), which is constant in Fig. 7.5d because capsule weight and velocity are

constant. It is important to note that Fx is nonzero when there is an edge radius because Fx only comes

from the curved surface of the edge radius. It is also important to note that, in general, the largest source

of resistance force is FA, which is only present when R > h+ δmax. When R < h+ δmax, the tissue is only

in contact with the curved surface of the edge radius, and therefore only Ff and Fx are present. However,

when R > h + δmax, the tissue is also in contact with the vertical leading capsule end, which results in a
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nonzero FA.

Drag force (FD) as a function of edge radius (R) and tissue fold height (h) at a constant capsule

length (L = 31.5 mm), diameter (D = 11.6 mm), weight (63.2 mN), velocity (v = 5 mm/s) and tissue fold

width (w = 2.45 mm) is shown in Fig. 7.7a. Drag force is inversely proportional to edge radius and directly

proportional to tissue fold height regardless of edge radius magnitude. As the tissue fold height increases, the

resistance that the capsule encounters will also increase. Similarly, as the edge radius decreases, or becomes

more abrupt, the leading edge of the capsule will engage with the tissue more, resulting in an increase in

resistance. When the fold height is larger than the edge radius (h + δmax > R), the drag force drastically

increases. On the contrary, when the fold height is less than the edge radius (h+ δmax < R), the drag force

becomes less dependent on edge radius. For example, when h = 2.40 mm (Fig. 7.7a, red line or square

data points), drag force is at its highest when R = 0 mm. Drag force decreases significantly with increasing

radius, but levels off once R > h+ δmax = 3.10. This follows intuition because when the fold height is larger

than the edge radius and the edge radius is less than the overall radius of the capsule (R < D/2), a portion

of the vertical leading capsule end will be in contact with the tissue. This type of contact, with forward

motion, produces the largest amount of horizontal resistance force (FA), when compared to the horizontal

resistance force created by the curved surface of the edge radius (Fx). Similarly, when the fold height is less

than the edge radius, no tissue is in contact with the vertical leading capsule end, so horizontal resistance

force from this interface is absent.

Drag force as a function of edge radius and tissue fold width (w) at a constant capsule length (L = 31.5

mm), diameter (D = 11.6 mm), weight (63.2 mN), velocity (v = 5 mm/s) and tissue fold height (h = 2.40

mm) is shown in Fig. 7.7b. Drag force is inversely proportional to tissue fold width when the edge radius is

small (R < h), but directly proportional to tissue fold width when the edge radius is large (R > h+ δmax).

This is an interesting phenomenon, but can be explained by assessing the effective slope of the tissue fold

along with the geometry of the capsule-tissue interface. At a given tissue fold height (h = 2.40 mm in Fig.

7.7b), the effective slope of the fold increases with decreasing tissue fold width (w). At small radii, the

capsule will fully interact with the tissue fold (as in Fig. 7.3, right), and the magnitude of the drag force will

be dependent on the apparent steepness of the fold. In other words, slope of the tissue fold and therefore
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drag force increase with decreasing w, which is apparent at small R in Fig. 7.7b. On the other hand, for

large radii, the drag force is influenced less by the tissue fold slope due to the force distribution over the

curved surface of the edge radius. In this case, the drag force is dependent on the amount of contact that

capsule has with the tissue. As the tissue fold width decreases, the frontal contact area also decreases, and

therefore drag force decreases. These two scenarios are depicted in Fig. 7.3. For a large radius, there will

be less frontal contact with decreasing w (Fig. 7.3, left), and more frontal contact with increasing w (Fig.

7.3, right). It is apparent that drag force decreases with decreasing w in Fig. 7.7b for large radii.

Drag force as a function of capsule diameter and edge radius at a constant capsule length (L = 31.5

mm), weight (63.2 mN), velocity (v = 5 mm/s) and with a constant tissue profile (h = 2.40 mm and

w = 2.45 mm) is shown in Fig. 7.7c. Drag force is directly proportional to capsule diameter regardless of

edge radius magnitude, but capsule diameter has a significantly larger effect (i.e., steeper slope in Fig. 7.7c)

at smaller edge radii (R < h + δmax). There are two major effects to consider when the diameter of the

capsule is increased. First, the contact surface area and therefore distribution of the capsule weight increase.

Distributing the weight of the capsule over a larger area decreases the vertical deflection of the capsule

into the tissue (as evidenced by Fig. 7.9c). With less vertical deflection, there is less frontal contact, and

therefore less horizontal resistance. On the other hand, increasing capsule diameter also increases the cross-

sectional area of the capsule, which increases resistance force. These two effects can be used to explain Fig.

7.7c. In general, drag force increases with increasing diameter, which suggests that the second phenomenon

trumps the first phenomenon. In other words, the increase in cross-sectional area of the capsule has more

of an effect than the decrease in vertical deflection and therefore frontal contact area of the capsule. This is

further confirmed by studying the slopes of the lines in Fig. 7.7c as a function of edge radius. At large radii

(R > h + δmax), increasing D and therefore cross-sectional area has little effect on drag force because the

horizontal resistance force is distributed over the curved surface of the edge radius. However, for small radii

(R < h+ δmax) the vertical leading end of the capsule will be in contact with the tissue, which is the largest

source (FA) of horizontal resistance, so increasing D and therefore cross-sectional area will have more of an

effect on the drag force necessary to overcome the resistance force. This is evidenced by increasing slope as

edge radius decreases when R < h+ δmax in Fig. 7.7c.
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Drag force as a function of capsule length and edge radius at a constant capsule diameter (D = 11.6

mm), weight (63.2 mN), velocity (v = 5 mm/s) and with a constant tissue profile (h = 2.40 mm and

w = 2.45 mm) is shown in Fig. 7.7d. Drag force is inversely proportional to capsule length regardless of

edge radius magnitude. Additionally, this effect is larger (i.e., steeper slope in Fig. 7.7d) at small edge

radii (R < h + δmax). Contrary to increasing diameter, only one phenomenon is occurring when length is

varied. As length increases, the contact surface area and therefore distribution of the capsule weight increase.

Distributing the capsule weight over a larger area decreases the vertical deflection of the capsule into the

tissue, which in turn decreases the resistance force on the front of the capsule. Therefore, as length increases,

the resistance force and drag force decrease, regardless of edge radius magnitude. However, this effect is

slightly more prevalent at small radii (R < h + δmax) due to the fact that the vertical leading capsule end

will be in contact with the tissue, which is the largest source (FA) of horizontal resistance. As such, when

length is increased, the vertical deflection is decreased, the frontal contact area is decreased, and therefore

the horizontal force (FA) and drag forces are decreased. This phenomenon is evidenced by increasing slope

as edge radius decreases when R < h+ δmax in Fig. 7.7d.

Drag force as a function capsule weight (or normal force) and edge radius at a constant capsule length

(L = 31.5 mm), diameter (D = 11.6 mm), velocity (v = 5 mm) and with a constant tissue profile (h = 2.40

mm and w = 2.45 mm) is shown in Fig. 7.8a. Drag force is directly proportional to normal force regardless

of edge radius. This follows the Coulomb dry friction law, Ff = µFW . Although it is hard to discern in

Fig. 7.8a, the slopes of the lines are slightly steeper for R < h + δmax. As weight is increased, vertical

deflection into the tissue is also increased, which increases the resistance force. This effect is magnified for

R < h+ δmax due to the interaction of tissue on the vertical leading end of the capsule.

Drag force as a function of capsule velocity and edge radius at a constant capsule length (L = 31.5

mm), diameter (D = 11.6 mm), weight (FW = 63.2 mN), and with a constant tissue profile (h = 2.40 mm

and w = 2.45 mm) is shown in Fig. 7.8b. Drag force is inversely proportional to velocity at larger radii

(R > h+ δmax), but is not affected by velocity at small radii (R < h+ δmax). There is a larger effect on drag

force at low velocities (v < 1 mm/s), and the effect is magnified as edge radius approaches zero. Drag force

as a function of velocity and tissue fold height at a constant capsule edge radius (R = 0), length (L = 31.5
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Figure 7.8: Analytical model solution for FD as a function of FW and R (a), v and R (b), v and h (c), and v
and w (d). Non-varied parameters are held at the “baseline value”, as defined in Table 7.4, except for edge
radius in (c) and (d), which are defined as R = 0.
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mm), diameter (D = 11.6 mm), weight (FW = 63.2 mN), and tissue fold width (w = 2.45 mm) is shown

in Fig. 7.8c. Drag force is inversely proportional to velocity regardless of fold height, but velocity has a

larger effect on drag force at low values (v < 1 mm/s). Drag force as a function of velocity and tissue fold

width at a constant capsule edge radius (R = 0), length (L = 31.5 mm), diameter (D = 11.6 mm), weight

(FW = 63.2 mN), and tissue fold height (h = 2.40 mm) is shown in Fig. 7.8d. Drag force is inversely

proportional to velocity regardless of fold width, but velocity has a larger effect on drag force at low values

(v < 2 mm/s). The effect of velocity can be attributed to viscoelastic nature of the tissue substrate. The

stress in the tissue is strain-rate dependent and therefore dependent on the velocity that the force is applied.

It is also important to note that only dynamic friction is being considered as the capsule is assumed to be

moving at a constant velocity.

It is also interesting to look at the maximum vertical deflection of the capsule into the tissue (δmax)

to gain insight about the underlying physics of the contact problem. δmax as a function of edge radius and

tissue fold height at a constant capsule length (L = 31.5 mm), diameter (D = 11.6 mm), weight (FW = 63.2

mN), velocity (v = 5 mm/s) and tissue fold width (w = 2.45 mm) is shown in Fig. 7.9a. δmax is directly

proportional to edge radius regardless of tissue fold height, however, edge radius has a larger effect (i.e.,

steeper slope) on δmax as tissue fold height increases. δmax is inversely proportional to fold height regardless

of edge radius. Considering that δmax is defined as the vertical deflection of the capsule into the tissue

substrate relative to the original position of the level tissue (not relative to the tissue fold height), δmax

decreases as h increases due to added support from the tissue fold. This is probably not physically accurate

due to the rotational constraint in the model. In reality, the capsule would most likely rotate (about the

z-axis in Fig. 7.2) as h increases. δmax also increases as R increases. Considering that the overall length

of the capsule remains constant as R is varied, the contact length of the capsule decreases as R increases,

so the weight of the capsule is distributed over a smaller area, resulting in more vertical deflection into the

tissue.

δmax as a function of edge radius and tissue fold width at a constant capsule length (L = 31.5 mm),

diameter (D = 11.6 mm), weight (FW = 63.2 mN), velocity (v = 5 mm/s) and tissue fold height (h = 2.40

mm) is shown in Fig. 7.9b. δmax is directly proportional to edge radius regardless of tissue fold width,
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Figure 7.9: Analytical model solution for δmax as a function of R and h (a), R and w (b), D and R (c), and
L and R (d). Non-varied parameters are held at the “baseline value”, as defined in Table 7.4. See Fig. 7.2
for the location of δmax.
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however, edge radius has a larger effect (i.e., steeper slope) on δmax for large fold widths (w > 0.1 mm).

Drag force is inversely proportional to fold width regardless of edge radius magnitude. Similar to the logic

behind h, increasing w also provides more support for the tissue, which decreases δmax, especially considering

the rotational constraint of the model. In reality, the capsule would most likely rotate (about the z-axis in

Fig. 7.2) as w is varied.

δmax as a function of capsule diameter and edge radius at a constant capsule length (L = 31.5 mm),

weight (FW = 63.2 mN), velocity (v = 5 mm/s), and tissue fold profile (h = 2.40 mm and w = 2.45 mm) is

shown in Fig. 7.9c. δmax is inversely proportional to capsule diameter, regardless of edge radius and directly

proportional to edge radius regardless of capsule diameter. When capsule diameter increases, the weight is

distributed over a larger area, which decreases δmax. Similarly, as R increases, the weight is distributed over

a smaller contact surface area (due to constant overall length), and δmax increases.

δmax as a function of capsule length and edge radius at a constant diameter (D = 11.6 mm), weight

(FW = 63.2 mN), velocity (v = 5 mm/s), and tissue fold profile (h = 2.40 mm and w = 2.45 mm)

is shown in Fig. 7.9d. δmax is inversely proportional to capsule length regardless of edge radius, while

directly proportional to edge radius regardless of capsule length. Again, increasing the length of the capsule

distributes the weight over a larger contact surface area, resulting in less vertical deflection into the tissue.

δmax as a function of capsule weight (or normal force) and edge radius at a constant length (L = 31.5

mm), diameter (D = 11.6 mm), velocity (v = 5 mm/s) and tissue fold profile (h = 2.40 mm and w = 2.45

mm) is shown in Fig. 7.10a. δmax is directly proportional to capsule weight regardless of edge radius and

directly proportional to edge radius regardless of capsule weight. As the weight of the capsule is increased,

a larger force is distributed over the same contact area, resulting in larger vertical deflection into the tissue

substrate. As edge radius increases, the weight of the capsule is distributed over a smaller contact area, also

resulting in larger vertical deflection into the tissue.

δmax as a function of velocity and edge radius at a constant length (L = 31.5 mm), diameter (D = 11.6

mm), weight (FW = 63.2 mN) and tissue fold profile (h = 2.40 mm and w = 2.45 mm) is shown in Fig.

7.10b. δmax is inversely proportional to velocity regardless of edge radius, but velocity has a larger effect

on δmax at low values (v < 2 mm/s). δmax as a function of velocity and tissue fold height at a constant
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Figure 7.10: Analytical model solution for δmax as a function of FW and R (a), v and R (b), v and h (c),
and v and w (d). Non-varied parameters are held at the “baseline value”, as defined in Table 7.4, except for
edge radius in (c) and (d), which are defined as R = 0. See Fig. 7.2 for the location of δmax.
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edge radius (R = 0 mm), length (L = 31.5 mm), diameter (D = 11.6 mm), weight (FW = 63.2 mN) and

tissue fold width (w = 2.45 mm) is shown in Fig. 7.10c. δmax is inversely proportional to velocity regardless

of fold height, and velocity has a larger effect on δmax at low values (v < 2 mm/s). δmax as a function

of velocity and tissue fold width at a constant edge radius (R = 0 mm), length (L = 31.5 mm), diameter

(D = 11.6 mm), weight (FW = 63.2 mN) and tissue fold height (h = 2.40 mm) is shown in Fig. 7.10d.

δmax is inversely proportional to velocity regardless of fold width, and velocity has a larger effect on δmax

at low values (v < 2 mm/s). The behavior in Figs. 7.10b-d can be explained by studying the viscoelastic

properties of the tissue. The stress in the tissue is strain-rate dependent, and is therefore dependent on the

velocity of the capsule. At low speeds, force is applied on the tissue at a low rate, and the tissue is effectively

softer. This results in more capsule “sinkage” into the tissue. As velocity increases, force is applied to the

tissue at higher rates, and the tissue responds as a stiffer material, resulting in a decrease in δmax. This also

explains the drag force response in Figs. 7.8b-d. It might be expected that the drag force would increase

with capsule velocity, due to the strain-rate dependency of the tissue. However, the decrease in δmax with

increasing velocity accounts for the decrease in drag force.

7.5.2 Pilot Study

The purpose of the pilot study was to validate the model with respect to each individual parameter

on porcine colon tissue. The model response and experimental data for capsule design parameters on various

tissue samples are shown in Figs. 7.11-7.14. The model response and the experimental data for validation

of capsule velocity are shown in Fig. 7.15a.

Figs. 7.11a-d show both the model response and experimental data for capsule edge radius, length,

diameter, and weight, respectively, on porcine colon sample P-C1. The normalized root-mean-square error

(NRMSE) between the model and experiments is 5.99%, 7.64%, 4.19%, and 6.76% for edge radius, length,

diameter, and weight, respectively. The overall NRMSE for P-C1 is 6.28% (Table 7.5). Each data point in

Fig. 7.11 represents the average of 10 trials while the error bars represent the standard deviation of that

mean.

Figs. 7.12a-d show both the model response and experimental data for capsule edge radius, length,
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Figure 7.11: Modeled (solid blue line) and experimental (black circular data points) drag force as a function
of capsule edge radius (a), length (b), diameter (c), and weight (d) for colon sample P-C1 (Table 7.2). The
NRMSE between the model and experiments is 5.99%, 7.64%, 4.19%, 6.76%, and 6.28% for R, L, D, FW ,
and combined, respectively. Each data point represents an average of the maximum drag force from 10 trials
while the error bars represent the standard deviation of that mean.
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diameter, and weight, respectively, on porcine colon sample P-C2. The NRMSE between the model and

experiments is 22.6%, 3.46%, 3.70%, and 4.66% for edge radius, length, diameter, and weight, respectively.

The overall NRMSE for P-C2 is 11.8% (Table 7.5). The larger NRMSE for P-C2 can be attributed to the

discrepancy between the data and the model for the R = 0 data point in Fig. 7.12a. Each data point in Fig.

7.12 represents the average of 10 trials while the error bars represent the standard deviation of that mean.

Figs. 7.13a-d show both the model response and experimental data for capsule edge radius, length,

diameter, and weight, respectively, on porcine colon sample P-C3. The NRMSE between the model and

experiments is 11.0%, 6.25%, 4.09%, and 6.01% for edge radius, length, diameter, and weight, respectively.

The overall NRMSE for P-C3 is 7.30% (Table 7.5). Each data point in Fig. 7.13 represents the average of

10 trials while the error bars represent the standard deviation of that mean.

Fig. 7.14 shows the model output and averaged experimental data for porcine colon samples P-C1,

P-C2, and P-C3. Measured material properties (E0, E1, E2, η1, η2, µ, h, and w) for P-C1, P-C2, and P-C3

were averaged and then used as model inputs. The experimental data from all three tissue samples were

averaged for each parameter to produce each data point in Fig. 7.14 (for a total of 30 trials per data point).

The error bars in Fig. 7.14 represent the propagation of error from the standard deviations of each individual

tissue sample.

It is apparent from Figs. 7.11-7.14 that edge radius is the parameter with the largest effect on drag

force. This is consistent through the multiple colon samples that were used. It is important to note that the

effects of capsule length and diameter are negligible when compared to the effect of edge radius. The effect

of weight on drag force is non-negligible, but is not as effective as edge radius. For all three colon samples,

the trends that the model predict are consistently captured by the experimental results for edge radius and

normal force, but not always captured for length and diameter. This can be attributed to the resolution of

the measurement system (±3 mN ; from data sheet, and therefore is the best case) and the variability of the

tissue samples. It is also important to note that the error bars for R = 0 in Figs. 7.11-7.14 are significantly

larger than the rest of the error bars. Since the capsule with a cylindrical end (R = 0) is more sensitive

to tissue morphology resulting in larger drag force, it is intuitive that the capsule will produce results with

higher variability.
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Figure 7.12: Modeled (solid blue line) and experimental (black circular data points) drag force as a function
of capsule edge radius (a), length (b), diameter (c), and weight (d) for colon sample P-C2 (Table 7.2). The
NRMSE between the model and experiments is 22.6%, 3.46%, 3.70%, 4.66%, and 11.8% for R, L, D, FW ,
and combined, respectively. Each data point represents an average of the maximum drag force from 10 trials
while the error bars represent the standard deviation of that mean.
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Figure 7.13: Modeled (solid blue line) and experimental (black circular data points) drag force as a function
of capsule edge radius (a), length (b), diameter (c), and weight (d) for colon sample P-C3 (Table 7.2). The
NRMSE between the model and experiments is 11.0%, 6.25%, 4.09%, 6.01%, and 7.30% for R, L, D, FW ,
and combined, respectively. Each data point represents an average of the maximum drag force from 10 trials
while the error bars represent the standard deviation of that mean.
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Figure 7.14: Average modeled (solid blue line) and experimental (black circular data points) drag force as a
function of capsule edge radius (a), length (b), diameter (c), and weight (d) for colon samples P-C1, P-C2,
and P-C3 (Table 7.2). The NRMSE between the averaged model and experiments is 8.81%. Each data
point represents an average of the maximum drag force from 30 trials while the error bars represent the
propagation of error from the standard deviations of P-C1, P-C2, and P-C3 means.
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Fig. 7.15b shows the model output and experimental results from the velocity pilot study, which was

only performed on one porcine colon sample (v-C1). The NRMSE between the experiments and model is

1.36% (Table 7.5). Each data point represents the average of 10 trials while the error bars represent the

standard deviation of that mean. Again, compared to the effect that edge radius has on drag force, velocity is

far less effective, but non-negligible. The trend that the model predicts is captured well by the experimental

data. The decrease in drag force as velocity increases can most likely be attributed to a decrease in δmax,

which is not a measured in the experimental studies.

7.5.3 Edge Radius Evaluation

In general, the model and experimental results from the pilot study matched well, with an overall

NRMSE of 8.81% (Table 7.5). More specifically, it was observed (in both the model and experimentally)

that capsule length, diameter, weight and velocity had a minor effect on drag force when compared to the

effect that edge radius had on drag force. To more closely examine the effect of edge radius, an in depth

study was performed using 10 capsules (Fig. 7.4e) with equal length, diameter, weight and velocity, but

varying edge radius, from 0 mm (i.e., cylindrical end) to 5.8 mm (i.e., hemispherical end).

Analysis of the model output and the pilot study indicated that the most influential parameter on

drag force was edge radius, so an in depth study of edge radius was performed. The results of the study are

summarized in Fig. 7.15 (b-d).

Fig. 7.15b-d shows the results of the edge radius study for porcine colon samples ER-C1, ER-C2,

and ER-C3, respectively. The NRMSE between the model and experimental results for ER-C1, ER-C2,

and ER-C3 were 6.47%, 3.31%, and 2.86%, respectively. The overall NRMSE for the edge radius study was

4.51% (Table 7.5). Each data point in Fig. 7.15 (b-d) represents the average of 10 trials, while the error bars

represent the standard deviation of that mean. Colon samples ER-C1 (h = 2.17 mm) and ER-C2 (h = 3.08

mm) were relatively more rough than the ER-C3 sample (h = 0.013 mm).

Similar to the pilot study, the error bars are largest for data collected using a capsule with R = 0.

It makes sense that the cylindrical capsule with the sharpest edge is more sensitive to changes in the tissue

structure and therefore more susceptible to variability. It is important to note that the effect of edge radius
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Figure 7.15: (a) Modeled (solid blue line) and experimental (black circular data points) drag force as a
function of capsule velocity on one porcine colon tissue sample (v-C1 in Table 7.2). The average NRMSE
between the model and experiments is 1.36%. Each data point represents an average of the maximum drag
force from 10 trials while the error bars represent the standard deviation of that mean. (b-d) Modeled (solid
blue line) and experimental (black circular data points) drag force as a function of capsule edge radius (R) on
three porcine colon samples. The colon samples used in (b) and (c) were significantly more rough (larger h)
when compared to the colon sample used in (d). The average NRMSE between the model and experiments
is 6.47%, 3.31%, 2.86% and 4.51% for ER-C1 (b), ER-C2 (c), ER-C3 (d), and combined, respectively. Each
data point represents an average of the maximum drag force from 10 trials while the error bars represent
the standard deviation of that mean.
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becomes negligible for smooth tissue (i.e., small h). Also, the effect of increasing edge radius becomes

less effective in reducing drag force once the edge radius is larger than the height of the tissue fold and

the maximum deflection into the tissue (i.e., R > h + δmax). This becomes important when designing a

cylindrical probe for use in the GI tract to maximize the payload capacity of the capsule. As edge radius

increases, the force required to drag the capsule decreases, but the payload capacity also decreases (overall

length, L, remains constant). If the maximum fold height is known, then the capsule can be designed such

that the edge radius is large enough to reduce drag force, but small enough to maximize payload capacity.

For example, if the maximum fold height of the colon is known to be h+ δmax = 2.4 mm, then the capsule

could be designed to have an edge radius of R = 2.5 mm. For a capsule with L = 31.5 mm and D = 11.6 mm,

an edge radius of 2.4 mm amounts to a 11% increase in payload capacity over a capsule with a hemispherical

end (R = D/2) which could be used for extra onboard sensors, batteries, or other modules (e.g., diagnostic,

therapeutic, etc.).

7.5.4 GI Tract Region

The final objective of the study was to validate the model in all regions of the GI tract. This was

accomplished by performing drag tests on multiple tissue samples from various regions of the porcine GI

tract using a single capsule (R3 from Fig. 7.4d with FW = 63.2 mN). The results of the study are presented

in Fig. 7.16. The horizontal axis in Fig. 7.16 distinguishes between tissue samples. The prefixes “C-”,

“ESO-”, “SB-”, and “S-” denote colon, esophagus, small bowel and stomach, respectively. The numbered

suffixes (e.g., 1, 2, or 3) denote sample number, where each data point is an average of 10 trials and the

error bars are the standard deviation of each mean. The suffix “Avg” indicates that the data point is an

average of the three samples (30 trials total), and the error bar is the propagation of error from the standard

deviations of each individual tissue sample.

The NRMSE error between the experimental results and model output for C-1, C-2, and C-3 colon

samples are 14.2%, 11.3%, and 7.56%, respectively. The overall NRMSE for the colon region is 13.0%. The

NRMSE error between the experimental results and model output for ESO-1, ESO-2, and ESO-3 esophagus

samples are 24.0%, 0.89%, and 8.06%, respectively. The overall NRMSE for the esophagus region is 10.9%.
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Figure 7.16: Results from the GI tract region study. The model (black triangles) and data (blue circles)
fit with an average NRMSE of 9.62%. The prefixes “ESO-”, “S-”, “SB-”, and “C-” indicate esophagus,
stomach, small bowel, and colon GI regions, respectively. The number following the prefix indicates tissue
sample. Each experimental data point for the numbered samples represents the average of the maximum
drag force from 10 trials, while the error bars represent the standard deviation of that mean. The suffix
“Avg” indicates an average of the three tissue samples from the same region. The capsule used in these tests
was R3 from Fig. 7.4d with FW = 63.2 mN
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The NRMSE error between the experimental results and model output for SB-1, SB-2, and SB-3 small bowel

samples are 1.58%, 2.62%, and 0.48%, respectively. The overall NRMSE for the small bowel region is 1.62%.

The NRMSE error between the experimental results and model output for S-1, S-2, and S-3 stomach samples

are 2.10%, 3.03%, and 7.81%, respectively. The overall NRMSE for the stomach region is 2.78%. See Table

7.5 for a summary of NRMSE.

In general, the agreement between model and experimental data was better for the stomach and small

bowel tissue samples over the colon and esophagus samples. The small bowel and stomach tissue samples

were smoother than the colon and esophagus samples, suggesting that most of the error comes from the

tissue morphology. A potential source of error in the model could be that rotation of the capsule (about

the z-axis) is not accounted for in the model. The ESO-1 tissue sample was the only outlier in the sample

group. This discrepancy is most likely due to measurement error.

A graphical user interface (GUI) was developed using MATLAB to be used as a design tool. The GUI

is self-contained and includes sample data for coefficient of friction drag tests, interferometer measurement,

and indentation tests. The main window of the GUI presents a graphical depiction of the problem setup

in the top left corner. In the top middle of the window are design parameter inputs, including capsule

edge radius (R), length (L), diameter (D), weight (FW ), and velocity (v), one of which can be varied at

a time. The varied parameter can be selected using the radio buttons in the top middle of the window.

The selected parameter for variation is then highlighted in red in the problem setup figure. The upper and

lower limits of the range, and the number of data points (capsules) desired need to be entered. Once the

design parameters have been set, the user can click the “Build Capsules” button to obtain capsule profile

shape functions, volume, surface area, and 3D renderings. Tissue properties are entered in the bottom half

of the window. Tissue properties can either be manually entered or data files can be chosen by clicking on

“Choose file(s)”. The GUI is described in more detail in Appendix B. Once tissue properties are entered, the

“Compile Model” button will execute solution computation. After computation, the results are displayed in

graphical format. Results include stress profile on the capsule, tissue deformation, drag force (FD), friction

force (Ff ), horizontal components of the stress integrated over the contact area (Fx), and horizontal force

due to the contact with the vertical leading end of the capsule (FA), if any. Results can be exported to a
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MATLAB data file and figure files.
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Table 7.5: The normalized root-mean-square error (NRMSE) of each study, reported as a percentage. The maximum NRMSE throughout the entire
study was 24%, and the minumum was 0.48% with an overall NRMSE of 6.25%. The prefix “P-” indicates that the tissue sample was used for the
pilot study. The prefix “v-” indicates that the tissue sample was used for the velocity dependence validation. The prefix “ER-” indicates that the
tissue sample was used for the in-depth edge radius study. No prefix indicates that the tissue was used for the GI region validation. Tissue region
abbreviations are “ESO”, “S”, “SB”, and “C” for porcine esophagus, stomach, small bowel, and colon, respectively

Pilot Study Edge Radius Study Region Study
Sample Parameter NRMSE (%) Sample NRMSE (%) Sample NRMSE (%)
P-C1 R 5.99 ER-C1 6.47 ESO1 24.0
P-C1 L 7.64 ER-C2 3.31 ESO2 0.89
P-C1 D 4.19 ER-C3 2.86 ESO3 8.06
P-C1 FW 6.76 All ESO samples 10.9
All P-C1 parameters 6.28 S1 2.10
P-C2 R 22.6 S2 3.03
P-C2 L 3.46 S3 7.81
P-C2 D 3.70 All S samples 2.78
P-C2 FW 4.66 SB1 1.58
All P-C2 parameters 11.8 SB2 2.62
P-C3 R 11.0 SB3 0.48
P-C3 L 6.25 All SB samples 1.62
P-C3 D 4.09 C1 14.2
P-C3 FW 6.01 C2 11.3
All P-C3 parameters 7.30 C3 7.56
v-C1 v 1.29 All C samples 13.0
All pilot samples 8.81 All edge radius samples 4.51 All region samples 9.62

Overall NRMSE (%) 6.25
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7.6 Conclusions

The analytical model presented here can be used to predict the drag force necessary to move a

cylindrical capsule through all regions GI tract at a constant velocity with an average NRMSE of 6.25%.

The model accounts for several capsule design parameters, including capsule edge radius (R), length (L),

diameter (D), contact normal force (FW ), and travel velocity (v) as well as tissue parameters, such as

compressive material properties (E0, E1, E2, η1, and η2), coefficient of friction (µ), and surface roughness

(h and w). The analytical model was developed theoretically, and does not rely on empirical development.

The model requires several inputs, some of which are determined experimentally, while the remaining are

design parameters.

Drag tests were performed on excised porcine GI tract tissue samples to validate the model with

respect to tissue material properties (E0, E1, E2, η1, η2, µ, h, and w) and capsule design parameters (R, L,

D, FW , v). The compressive properties of each tissue sample were determined using indentation-relaxation

tests. The coefficient of friction for each tissue sample was determined through drag tests on a smooth

part of the sample and a capsule with a low weight (to minimize vertical deflection into the tissue sample)

and large edge radius (to minimize the edge effect). The surface roughness was determined by using an

interferometer-based approach. A pilot study was carried out to validate the model with respect to all of the

capsule design parameters. Edge radius was the most influential parameter on the drag force, so an in depth

study of edge radius was performed. Finally, drag tests on tissue samples from all regions of the GI tract

were performed to validate the model with respect to uncontrollable tissue parameters. The majority of the

drag force is due to the interaction between the leading edge of the capsule and the tissue, and therefore is

largely influenced by the edge radius (R) and the tissue fold height (h).

A GUI (see Appendix B) was developed using MATLAB as a design tool for the end user, which is

publicly available for capsule design studies. Within the GUI, capsule design parameters can be set by the

user. Then, material properties of the tissue can either be manually entered or raw data can be loaded for

processing. A single parameter can be varied by entering a range of values. The program then executes

the model, solving for all variations of the parameter. The GUI outputs several solutions, including stress
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and strain on the capsule (and in the tissue), predicted drag force, capsule surface area, capsule volume and

shape functions for the deflection of the tissue. Graphs and data can be exported.

The average computation time per solution of the model is 2 s (2.27 GHz processor), and therefore

could potentially be applied to a real-time scenario for control algorithms. Future work will include refining

the model (e.g., fast numerical integration methods) to be more computationally efficient. With a faster

algorithm, real-time control of a capsule will be more achievable, especially with systems that enable wireless

in vivo measurement of resistance properties of the gastrointestinal tract [171]. Another drawback to the

model is the rotational constraint. Future work will include removing this constraint and accounting for

capsule rotation, which will likely increase accuracy. Furthermore, the model could be expanded to include

contact from both sides of the capsule (i.e., in an uninsufflated environment). It is important to stress that

several defined parameters were required to develop and experimentally validate the model, and as such a

magnetic example was used. However, this model could be applied to other systems where a cylindrical

probe is dragged across a tissue substrate (e.g., electric, pneumatic, and hybrid locomotion systems). The

model presented is a reliable design tool for those interested in knowing the maximum drag force required

to move a cylindrical capsule through the GI tract.
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Chapter 8

Summary and Conclusions

8.1 The Quantitative Evaluation of Micro-Patterned Robotic Wheels in a

Controlled Static Environment

In Chapter 2 (The Quantitative Evaluation of Micro-Patterned Robotic Wheels in a Controlled Static

Environment), a device was developed to quantitatively evaluate micro-patterned robotic wheels in a con-

trolled static environment. The device consisted of a grounded frame with a static platform for the substrate.

A wheel, attached to the end of a horizontal arm, rested on the substrate. The wheel was driven by an actu-

ator to induce rotational motion. The horizontal arm passively pivoted about a single point, and the normal

force of the wheel could be adjusted by using preset counterweights. As the wheel rotated on the substrate,

traction force and motor power were measured. The static benchtop tests suggested that all of the treads

perform most efficiently at the lowest normal force tested (0.10 N). In future tests, the range of varied

normal forces will be increased to include even lower normal forces (lighter mobile robots) to determine if

the efficiency trend continues for these lower normal forces.

The results from Chapter 2 motivated future work which included more benchtop testing using a

dynamic system, where the effects of slip ratio, additional materials (including excised tissues), and pillar

density could be investigated experimentally. Furthermore, numerical modeling will continue to be used to

predict the performance of new treads, coupled with benchtop tests, and candidate tread designs will be

evaluated in vivo.
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8.2 The Quantitative Evaluation of Micro-Patterned Robotic Wheels in a

Controlled Dynamic Environment

In Chapter 3 (The Quantitative Evaluation of Micro-Patterned Robotic Wheels in a Controlled Dy-

namic Environment), a device was developed to quantitatively evaluate micro-patterned robotic wheels in a

controlled dynamic environment. The device consisted of a grounded frame, with single degree-of-freedom

(DoF) mobile platform for the substrate. The substrate platform was driven by a linear actuator to induce

translational velocities. A wheel, attached to the end of a horizontal arm, rested on the substrate. The

wheel was driven by an actuator to induce rotational motion. The wheel was much larger than the wheel

in Chapter 2 to increase the signal-to-noise ratio. The horizontal arm passively pivoted about a single

point, and the normal force of the wheel could be adjusted by using preset counterweights. As the wheel

rotated and translated on the substrate, traction force was measured. Results showed a consistent nonlin-

ear and directly proportional response for traction force with respect to slip ratio regardless of substrate

or wheel tread pattern. Additionally, traction force was directly proportional to both translational speed

(nonlinear) and normal force (nearly linear) regardless of substrate or wheel tread pattern. Micro-patterned

polydimethylsiloxane (PDMS) treads only enhance traction (when compared to smooth PDMS wheels) on

biological tissue (e.g., liver, intestines, etc.), but not on synthetic tissue.

The results from Chapter 3 motivated future work, which included the study of tread-tissue interac-

tions through modeling and experimentation, as well as RCE prototype design. Furthermore, it would be

desirable to develop an analytical model to predict experimental results. Experimentally, changes to the

mechanical properties of the PDMS will be studied, including PDMS surface properties and tread modulus.

Additionally, variations in the micro-pattern will be investigated. Furthermore, the testing platform will be

used to thoroughly investigate the relationship between traction force and normal force as well as transla-

tional speed. Using this and future data, optimized tread patterns (based on a set of operating conditions)

will be used in RCE prototypes for in vivo testing. An optimized tread pattern is one that will create the

largest amount of traction force on a biological substrate given a robot weight and speed. We envision an

optimum tread pattern as one with a certain set (or range) of material and design parameters, such as tread
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geometry, size, spacing, modulus and hydrophobicity. The device was only capable of a set number of slip

ratios, linear speeds, and normal forces due to the open-loop control of the stepper motors and discrete coun-

terweight settings. This motivated future work to include the design of a device which featured closed-loop

velocity/position control for both rotational and translational motion as well as closed-loop normal force

control.

8.3 Automated Traction Measurement (ATM) Platform

Chapter 4 (The Design and Evaluation of an Automated Traction Measurement Platform for Eval-

uating Micro-patterned Robotic Wheels in a Dynamic Environment and Empirical Model for Predicting

Traction Force) presented the design and evaluation of an automated traction measurement (ATM) plat-

form for evaluating micro-patterned robotic wheels in a dynamic environment, and an empirical model for

predicting traction force. The device consisted of a load platform, which measured both traction force and

normal force (for closed-loop feedback of normal force control), an actuated single DoF translating sled for

inducing wheel translational speed, a horizontal arm with an actuated counterweight for controlling normal

force, and an actuated single DoF wheel for inducing rotational speed. A filter was designed to mitigate noise

associated with motor vibration. An empirical model was developed to predict traction force as a function

of translational speed, slip ratio, and normal force for a micro-patterned PDMS wheel (circular pillars) on a

synthetic tissue substrate (32 mm height).

The average normalized root-mean-square error (NRMSE) between the empirical model and the data

used to develop the model was 1.1% (min 0.0024%, max 4.2%). The average NRMSE between the traction

force predicted by the model and the data used to verify the prediction was 1.8% (min 0.020%, max 8.6%).

Although the error between predicted and actual traction force was low, the model has some limitations.

Firstly, it is only valid for a single tread on a single substrate. This limits the ability to predict traction force

for new tread patterns and substrates. Secondly, the model has only been validated for interpolated values,

and not extrapolated inputs. Therefore, the model is only valid for predicting traction force at normal forces

between 0.1 and 0.6 N , translational speeds between 2 and 11 mm/s, and slip ratios between 0 and 0.45.

The limitations of the model motivated future work, including the development of a more robust model.



www.manaraa.com

211

Chapter 5 describes a finite element modeling approach which sets out to model the interaction between a

patterned wheel and a substrate. With proper validation and characterization of the FEM, traction force

could be predicted for various tread patterns, and on various substrates with an adequate material model.

8.4 The Effect of Hyperelastic Substrate Stiffness, Wheel Tread Fibrillar

Structure Size, and Fibrillar Modulus on Traction Force: Experiments and

Modeling

Chapter 5 (The Effect of Hyperelastic Substrate Stiffness, Wheel Tread Fibrillar Structure Size, and

Fibrillar Modulus on Traction Force: Experiments and Modeling) presents the development of a finite element

model (FEM) for predicting traction force of a patterned wheel on a synthetic biological substrate, and the

experimental examination of the effect of substrate stiffness, tread modulus, and tread size on traction force.

The FEM required a full characterization of the synthetic tissue substrate, including simple tensile tests for

determining the hyperelasticity and Poisson’s ratio of the material, stress-relaxation tests for determining the

viscoelasticity of the material, and drag tests for determining the velocity dependent coefficient of friction.

The hyperelasticity of the material was modeled using a 5-parameter Ogden model. The viscoelasticity

of the material was modeled using a generalized Maxwell model (n = 1). The displacement (δ) due to

the static loading of a smooth PDMS wheel were determined experimentally, analytically, and with FEM

simulations, and were compared, resulting in a maximum difference of 4% between experimental and FEM

results. The global and local displacements due to the static loading of a patterned PDMS wheel were

determined analytically and with the FEM, and were compared. The dynamic traction of a smooth PDMS

wheel was determined experimentally and with the FEM, and were compared, resulting in a maximum

difference of 2.42%.

The effect of substrate stiffness, tread modulus, and tread size on traction force was also experimentally

studied. Data suggests that there is a critical ratio (k/(Etreadh) > 0.18) between the substrate stiffess and

tread modulus where traction force can be optimized. The data also suggests that there is a critical ratio

(h/a = 24) between substrate height (i.e., stiffness) and tread size which divides traction force into two

different regimes. It is recommended to operated close to the ratio, but slightly under for optimal traction
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force generation.

Future work from Chapter 5 includes validating the FEM with respect to substrate height, developing

an analytical model for the dynamic (but constant differential velocity, vd) sliding contact of a single pillar,

and then performing a parametric study with the FEM so that it can be verified with respect to substrate

height and pillar size.

8.5 The Design and In Vivo Evaluation of a Robotic Capsule Colonoscope

Using Micro-patterned Treads for Mobility

Chapter 6 (The Design and In Vivo Evaluation of a Robotic Capsule Colonoscope Using Micro-

patterned Treads for Mobility) presented the design and in vivo evaluation of a tethered robotic capsule

endoscope (tRCE) using micro-patterned treads for mobility. The tRCE consisted of a housing (fabricated

using a stereolithography technique), a centrally-located DC motor, 8 micro-patterned treads, and a gear-

train to transfer motion from the motor shaft to the treads. The micro-patterned treads were custom

fabricated to have micro-pattern on the outside surface (tissue interface) and timing teeth on the inside

surface, which interfaced with timing pulleys. The tRCE was capable of speeds up to 3 mm/s in the cecum

of an anesthetized porcine.

Immediate future research for the tRCE will focus primarily on further size reduction and faster

speeds. Future tRCE versions will feature multiple travel speeds. Additional future work will be focused on

producing a higher quality video while inside of a collapsed lumen, and decreasing the rigidity and weight

of the tether. To increase image quality, the distance between the lens and the tissue must be increased.

Long-term future work will focus on further size reduction, the addition of surgical tools, a higher

quality imaging system, and wireless capability. The ideal dimensions for a tRCE will be approximately

12 mm in diameter and 25 mm in length to be competitive with the leading passive CE designs. The

analog imaging system will eventually be replaced with an equivalently sized high definition digital system.

Eventually, the tRCE will need to be untethered. To do this, the device will need to be wirelessly controlled

and have an onboard power supply.
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8.6 The Development and Experimental Validation of an Analytical Model

for In Vivo Robotic Capsule Colonoscope Resistance Force

Chapter 7 (The Development and Experimental Validation of an Analytical Model for In Vivo Robotic

Capsule Colonoscope Resistance Force) presents the development and experimental validation of an analytical

model for in vivo predicting the force needed to drag a capsule endoscope through an insufflated gastroin-

testinal (GI) tract. The work in this chapter was performed under the guidance of Dr. Gastone Ciuti, Dr.

Arianna Menciassi, and Dr. Paolo Dario at the BioRobotics Institute of Scuola Superiore Sant’Anna in

Pisa, Italy. The analytical model was a contact model, which assumes the stress distribution on the capsule

is due to the capsule geometry and tissue topology (from haustral folds) when the capsule is undergoing

constant velocity motion. The model calculates a drag force resulting from the horizontal component of the

stress distribution, the frictional force, and contact with the flat front face of the capsule (for edge radius

less than the haustral fold height). The model was validated experimentally with four studies: 1) a pilot

study, 2) an in depth edge radius study, 3) a GI region study, and 4) a velocity-dependence study. The

pilot study validated the model with respect to capsule length, diameter, edge radius and weight. It was

noted that capsule edge radius contributes most to overall drag force, so an in depth study was performed

to validate the model with respect to this parameter. Then, the model was validated with respect to various

regions of the GI tract (i.e., esophagus, stomach, small intestine, and large intestine). Finally, the model

was validated with respect to capsule velocity. The model and experimental results matched with an overall

average NRMSE of 6.25%. In addition to the model development and validation, a capsule endoscope design

tool was developed as a MATLAB graphical user interface (GUI). The GUI enables the user to input capsule

design parameters (e.g., weight, length, diameter, edge radius, and velocity), tissue properties (e.g., com-

pressive material properties, coefficient of friction, and surface topology), and calculates a maximum drag

force needed to move the capsule through the GI tract.

Future work includes improving the model to accommodate both hyperelastic and viscoelastic material

properties (the model currently only accounts of viscoelasticity), and to account for rotation of the capsule as

it encounters haustral folds. Furthermore, it is hypothesized that the model would be accurate in predicting
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the drag force needed to move a cylindrical probe across the wall of an insufflated abdomen, however,

experiments need to be performed to validate this hypothesis.
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Chapter 9

Discussion

This chapter is dedicated to a general discussion about the work presented throughout this dissertation.

The work was performed over the course of seven years, from 2008 to 2015. The chapter will first provide a

general discussion about the project, and then conclude with future recommendations.

9.1 General Discussion

The overarching goal of this project was to develop robot prototypes that were capable of traveling

within a collapsed lumen (i.e., gastrointestinal tract). Although the first prototypes (c. 2008) were not

successful from a mobility standpoint, the experience of designing and testing them in vivo provided valuable

feedback and motivation for the in depth study of the contact problem that culminated into the bulk of this

dissertation.

This first efforts of the research project (c. 2008) resulted in several small prototypes that were

evaluated in vivo, in a live anesthetized porcine. None of the early prototypes successfully mobilized due to

low friction between the robot-tissue interface and small locomotion contact area.

The early failed devices motivated a thorough literature review which revealed micro-patterning sur-

faces for friction enhancement, a technique that has been implemented in several fields. The following months

were dedicated to learning how to fabricate micro-patterned PDMS using the photolithography technique

presented in Chapter 2. Upon mastering a fabrication technique that yielded repeatable micro-patterned

PDMS, a qualitative study was performed to confirm that the micro-patterned PDMS provided enhanced

friction on tissue when compared to smooth PDMS. The study was performed using simple two-wheeled
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robots. One wheel was equipped with a micro-patterned PDMS tread, while the other was equipped with a

smooth PDMS tread. The study revealed a definite enhanced performed from the micro-patterned PDMS

wheel.

Although the in vivo two-wheeled robot study revealed definite qualitative results in favor of the

micro-patterned PDMS, it provided no insight into the mechanics of the problem. At this point in the

research project three main aims were defined to direct the effort towards an efficient path. The overarching

goal was to develop a deep understanding of the contact problem. Although some aspects of the contact

problem had been studied previously, the majority of the contact problem was unknown. In an attempt

to simplify the contact problem, it was approached from two different perspectives: 1) a global perspective

and 2) a local perspective. The global perspective looked at the overall wheel-tissue interface and the

associated variables, including dynamic motion (rotational speed, translational speed, vertical displacement,

horizontal displacement) and forces (translational force, and normal force). The global perspective was

studied experimentally and with models (empirical, finite element, and analytical). The local perspective

focused on the interaction between a single micro-pattern pillar and the underlying/surrounding tissue. This

perspective was primarily studied with modeling (finite element and analytical).

One of the major challenges of the project was recreating the real contact problem in a laboratory

setting. The real contact problem (tread-in vivo tissue interaction) is a complex scenario including live

tissue with its own micro-structured surface and a mucous layer. The tissue has dynamic material properties

that are not isotropic or homogeneous (i.e., the tissue properties are directionally dependent), and change

drastically when excised from the live animal. Furthermore, the mucous layer also has dynamic material

properties and secretion ceases once the tissue is excised. Although some of the studies in the dissertation use

excised tissue, most of the models and related experimental studies were developed using a synthetic biological

tissue, which was fabricated in an attempt to simplify the problem and improve repeatability of the results.

In a further attempt to improve repeatability and reduce human error, the automated traction measurement

(ATM) platform was developed to evaluate the traction force of robotic wheels on soft substrates. The

platform enabled for direct control of several variables, including wheel translational speed, wheel rotational

speed, wheel normal force, wheel tread pattern (e.g., size, geometry, material, material modulus, etc.), and
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substrate (e.g., material, surface lubrication, material stiffness, etc.).

Identifying all of the parameters in the robot-tissue contact problem is an extremely difficult task,

let alone studying them all. It was decided to study the effect of only certain parameters, with the goal of

studying all identifiable and controllable parameters in future work. Parameters that were studied include

robot translational speed, wheel rotational speed, robot weight, tread pillar geometry, tread pillar size, tread

material modulus, substrate material (e.g., excised bovine liver, excised porcine intestinal tissue, in vivo

porcine intestinal tissue, synthetic tissue), substrate stiffness and lubrication (with only one material, PBS).

Parameters that were identified but not studied in this dissertation include substrate surface structure (e.g.,

to mimic intestinal villi), substrate material properties (e.g., elastic modulus, viscoelastic time constants,

etc.), lubrication material (e.g., mucous, oil, etc.), lubrication properties (e.g., viscosity, etc.), substrate

surface properties (e.g., hydrophobicity).

There are advantages and disadvantages to using a synthetic tissue instead of biological tissue. It is

possible to approximate the material properties of biological tissue with a synthetic tissue, but it is difficult

to exactly match them. It is relatively easy to make a homogeneous and isotropic synthetic tissue, but this

is not a great approximation to biological tissue. For example, most synthetic tissue is made out of rubber,

which is manufactured by mixing a base and a curing agent, creating a homogeneous material. This is not

an excellent approximation for intestinal tissue due to its structure. Intestinal tissue is composed of both

longitudinally and circumferentially oriented muscle fibers, creating a non homogeneous and non isotropic

material. Once tissue is excised from a living body, its material properties immediately start to change.

Furthermore, it is common to see errors of > 10% when using biological tissue. When using synthetic tissue,

errors are consistently < 5%. When attempting to understand a contact problem, reducing error is crucial

to the experimental study. Although the synthetic tissue is not an exact replication of the biological tissue,

understanding the simplified but repeatable contact problem with synthetic tissue still yields results that

can be applied to the actual contact problem with biological tissue. Furthermore, using synthetic tissue

eliminates some of the identified parameters (e.g., surface structure) that are hard to control when using

biological tissue.
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9.2 Future Recommendations

Future recommendations are divided into to sections: 1) Robot wheel-tissue contact problem, and 2)

Capsule housing-tissue contact problem. Chapters 2-6 were dedicated to the wheel-tissue contact problem,

and the work was completed at the University of Colorado Boulder. Chapter 7 was dedicated to the capsule

housing-tissue contact problem, and the work was completed at the BioRobotics Institute of Scuola Superiore

Sant’Anna in Pisa, Italy.

9.2.1 Robot wheel-tissue contact problem

The most significant results from Chapters 2-6 were the ATM platform development (Chapter 4), the

finite element model (Chapter 5), and the robotic capsule colonoscope (RCC) prototype (Chapter 6).

The ATM platform has been calibrated and characterized to produce repeatable and reliable traction

force results. Normal forces between 5 mN and 500 mN can be induced, but wider ranges are obtainable by

changing out the counter weight. The ATM platform was valuable for this dissertation work for producing

experimental results that were used to identify trends, develop empirical models, and validate finite element

and analytical models. Future recommendations for this device include studying the effects of additional

identified parameters such as substrate surface structure (e.g., to mimic intestinal villi), substrate material

properties (e.g., elastic modulus, viscoelastic time constants, etc.), lubrication material (e.g., mucous, oil,

etc.), lubrication properties (e.g., viscosity, etc.), substrate surface properties (e.g., hydrophobicity). Priority

would be given to lubrication properties and hydrophobicity (both substrate and tread), followed by substrate

surface structure. It is important to isolate the effect of each of these properties and study typical in vivo

ranges. For example, when studying lubrication properties, it would be important to first characterize

the properties (e.g., viscosity) of mucous at body temperature (37◦ C). Then, using either biological or

synthetic mucous, it would be important to study its effect on traction force generation at body temperature

using the characterized range and the ATM platform. PDMS is naturally very hydrophobic, however the

hydrophobicity can be temporarily reduced (become more hydrophilic) by exposing it to oxygen plasma. The

hydrophilic effect wears off over time. Hydrophobicity is typically characterized by measuring the contact
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angle of a water droplet on the surface of the material. In order to study the effects of hydrophobicity on

traction force, it would be necessary to characterize the hydrophobicity of PDMS after exposure to oxygen

plasma over time. Then, after treating a PDMS wheel (or substrate) with oxygen plasma, run continuous

traction force tests on the ATM platform over the time that it takes the PDMS to revert to its original

hydrophobicity.

The finite element model that was developed in Chapter 5 has exhibited promising results thus far,

and therefore a future recommendation would be to further develop and validate this model. The model

takes into account the viscoelastic and hyperelastic material properties of the synthetic tissue, and a velocity

dependent coefficient of friction. The model has been characterized with respect to traction force and

vertical displacements for a smooth wheel on a synthetic tissue substrate using both experimental data and

analytical solutions. The model has also been developed to examine the effects of a micro-pattern. To

date, the micro-pattern finite element model has been validated experimentally with respect to traction

force and global vertical displacement, but not local displacements (uz in Chapter 5) due to the inability

to empirically measure bulging displacements between pillars. Immediate future recommendations include

validating the finite element model for a micro-patterned wheel on synthetic tissue substrate with respect to

local displacements using the analytical solution. Long-term future recommendations include validating the

model experimentally with respect to substrate height (i.e., stiffness) and tread size. If the model proves

to be reliable for all stiffnesses and sizes, then an optimization algorithm could be executed to determine

the optimum tread size to substrate stiffness ratio. This optimum value could be validated with existing

experimental data.

The third significant result from the dissertation work was the RCC described in Chapter 6. The

RCC developed in Chapter 6 was the result of several prototypes. The RCC consisted of a housing with

a centrally located DC motor that actuated a worm. A gear train transferred power from the motor to

8 externally located and circumferentially oriented PDMS micro-patterned treads. These treads interfaced

with the surrounding tissue, providing traction and propulsion. The RCC was capable of locomotion on

both planar and tubular surfaces. The RCC featured two types of lighting (white and infrared) and an

analog camera. The device was tethered for power and video transmission. One of the largest drawbacks
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of the RCC was its large size and power loss due to the multi-tiered gear train. Future recommendations

for the RCC include higher quality video (e.g., high definition), and smaller size. To implement a power

transmission solution with enough torque, the speed output had to be reduced significantly, resulting in a

maximum speed of 3 mm/s. Future RCCs should have a higher maximum speed (e.g., 5 mm/s). Long-

term recommendations include implementation of a localization system, so that the position and orientation

of the RCC can be known in real-time. Accurate real-time position and orientation could lead to a fully

autonomous colonoscopy.

9.2.2 Capsule housing-tissue contact problem

The most significant results from Chapter 7 were the analytical model development and the resulting

capsule endoscope design application for MATLAB. Chapter 7 focused on the interaction between the capsule

housing and the surrounding tissue. This contact problem is important to understand regardless of the

capsule endoscope mobility method. An analytical model was developed to predict the force necessary to

drag a capsule endoscope through the entire GI tract. The model was validated experimentally with respect

to capsule design parameters (e.g., length, diameter, edge radius, weight, and velocity), and tissue properties

(viscoelastic properties, coefficient of friction, and surface topography). The model and experimental results

agreed with an average NRMSE of 6%.

The model was used to develop a capsule endoscope design application for use with MATLAB. The

application allowed for capsule endoscope design parameter inputs along with tissue properties (experimen-

tal data or manual entry). Although the model agrees with data well for all regions of the GI tract, it is

too computationally expensive for real-time application. Future recommendations include tuning the model

solution algorithm so that it could be used for a real-time control algorithm. This algorithm would be de-

pendent on real-time feedback for material properties, something that has yet to be development. Therefore,

a parallel project could be to develop a device that is capable of instantaneous in vivo material properties

measurement.

The end goal for the project is to develop an RCC that is capable of a fully autonomous colonoscopy.

Before an autonomous robot can be produced, several subsystems have to be developed. The work presented
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in this dissertation contributes to the locomotion system of the robot, focusing on enhancing friction through

the use of micro-patterns.
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Appendix A

Derivation of N

Advantages of magnetic actuation systems include minimal, if any, capsule size increase to accommo-

date the IPM and no increase in capsule complexity from the addition of onboard actuators. Drawbacks of

the magnetic actuation systems include large external platform (i.e., magnet, robotic arm, and controller)

size, electromagnetic interference with other devices in the operating room, and actuation failure if the drag

force imposed on the capsule is not large enough to overcome the frictional resistance.

The magnetic capsule locomotion system described in [38] demonstrated a reliable empirical control

of a capsule, and is therefore used here as a basis to experimentally determine N . A capsule mockup (Fig.

A.1) was fabricated to mimic a PillCam Colon 2 capsule (D = 11.6 mm, R = D/2, L = 31.5 mm, m = 3.22

g) with respect to size and hold 3 cylindrical (diameter dNd = 3.1 mm and length lNd = 19 mm) neodymium

(Nd) magnets which occupied 15% of the capsule volume. The capsule was fixed to a load cell (Nano17,

ATI Industrial Automation, Apex, NC, USA) and the load cell was tared. A cylindrical magnet (NdFeB

1.38T magnet, Magnetworld AG, Jena, Germany) was fixed to the end effector of a 6 DOF robotic arm

(Melfa RV-6SL, Mitsubishi, Tokyo, Japan), and was centered (by minimizing x- and z- forces) 150 mm (dy)

above the capsule mockup. Dynamic vertical attraction force due to the magnet (F ~By ) was measured (at a

rate of 10 kHz) as the magnet was lowered at a rate of 5 mm/s until dy = 10 mm. Then, static vertical

attraction force was measured at 5 mm increments from dy = 10 mm to dy = 150 mm. The static and

dynamic attraction forces are displayed in Fig. A.2. The experimental setup to measure attraction force is

shown in Fig. A.1.
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The volume of the capsule mockup is:

Vcapsule = π (D/2)
2

(L−D) +
4π

3
(D/2)

3
= 2920.4 mm3 (A.1)

The volume of the 3 cylindrical neodymium internal permanent magnets (IPMs) is:

VNd =
3π

4
lNddNd

2 = 430.2 mm3 (A.2)

The percent volume of the capsule occupied by neodymium magnets is

pvNd = 100
VNd

Vcapsule
= 14.73% (A.3)

The total weight of the capsule mockup with 15% of its volume occupied by neodymium magnets is

FW = (m+ VNdρNd)g = 63.2 mN (A.4)

where ρNd is the density of neodymium (7.5g/cm3), m is the mass of the PillCam Colon 2 (3.22 g) and g is

the acceleration due to gravity. A typical, reasonable operating distance for the robot is between dy = 100

mm and dy = 120 mm. Resulting attraction forces can be looked up using Fig. A.2, and the related values

of N can be computed using equation (A.5).

N =
F ~Bx
FW

(A.5)

For operating distances (dy) between 100 mm and 120 mm, N ranges between 2.25 and 1.25, respectively.

For the purposes of this work, N was set to 2, corresponding to an operating distance of dy = 105 mm.
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Figure A.1: Experimental setup for measuring attraction force
(
F ~By

)
of a typical permanent magnetic

capsule locomotion system. Attraction force is then used to determine the N value for a typical magnetic
capsule locomotion system.
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Figure A.2: Attraction force
(
F ~By

)
as a function of distance (dy) between a capsule endoscope with an

internal permanent magnet (IPM) and an external permanent magnet (EPM). The IPM inside the capsule
consumes 15% of the total capsule volume and is made of neodymium.
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MATLAB GUI

A graphical user interface (GUI) was designed using the MATLAB programming environment. The

purpose of the GUI is to provide the end-user with a tool to help during the design process of an in vivo

capsular device where a prediction of the force required to drag the capsule through the GI tract is needed.

This can be applied to RCEs, RCCs, and other cylindrical probes. The GUI uses the analytical model

developed in Chapter 7 to predict the drag force needed to move a capsule endoscope given the fact that the

capsule is in contact with the inside of an insufflated GI lumen (i.e., in contact with one side).

The GUI consists of two main screens, shown in Fig. B.1. The first screen that appears when the GUI

is launched is the model input screen (Fig. B.1a). The image in the top left corner of Fig. B.1a provides the

user with a diagram of the problem setup, including labeled pertinent capsule dimensions and forces acting

on the capsule. The block in Fig. B.1a labeled “Capsule Design Inputs” is where the user enters the size

(R, L, and D), weight (FW ), and velocity (v) of the capsule. One of these parameters can be varied at a

time by clicking on the associated radio button. The parameter being varied is highlighted in red in the

problem setup image. The varied parameter requires minimum and maximum values as well as the number

(N) of capsules within the specified range. The software creates N number of capsule variations with equally

spaced iterations between the specified minimum and maximum values. Once the capsule design parameters

have been set, the user should click on the “Build Capsules” button. This action populates the section titled

“Capsule Design Outputs”. There are 9 output displays, Volume, Area, L− 2R (contact length), R, L, D,

v, Fw, and N . i is the capsule index and can be adjusted by clicking on the arrows to the left and right of

the output field. The button decreases the index by 1. The button increases the index by 1. The
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button set the index to 1. The button advances the index to the N . i can also be manually typed

into the output field. The values displayed in the output fields correspond to the i index. In the top right

corner of Fig. B.1a is a set of axes, which displays 1 of 4 graphs. The default plot is a 2D shape function

of the capsule mid-line profile. The user can select between plots using the drop down menu. The second

option displays capsule volume as a function of the varied parameter (volume is on the y-axis while the

varied parameter is on the x-axis). The third option displays capsule surface area as a function of the varied

parameter (surface area is on the y-axis while the varied parameter is on the x-axis). The fourth option

displays a 3D rendering of the capsule surface. The display changes when the index is changed. The “Plot

Hold?” check box is only active for the 2D shape function option. If the “Plot Hold?” check box is checked,

then shape functions will stack as the index i is changed. Figures from the axes in the upper right corner of

Fig. B.1a can be exported individually by clicking on the “Export Fig” button below the axes. If at anytime

the use would like to start over, the “Reset” button can be clicked.

The lower half of Fig. B.1a is for entering tissue property data. There are three subsections on the

lower left, lower center and and lower right corresponding to “Coefficient of Friction”, “Tissue Topography”,

and “Compressive Tissue Properties”, respectively. Any of these properties can be either entered manually

or populated using data by toggling the radio buttons in the top left corner of each subsection. Sample

data is supplied with the GUI for all three subsections. To add data, click the corresponding “Choose

file(s)” button and select the data. The “Coefficient of Friction” subsection takes multiple files, one for each

drag test trial, while the “Tissue Topography” and “Compressive Tissue Properties” subsections only take

1 input file. If data is being used to calculate the Coefficient of Friction, it is important to enter the correct

weight of the capsule mockup that was used when performing the drag tests. Likewise, for the Compressive

Tissue Properties, it is important to enter the indentation depth as well as the indenter radius used during

the indentation tests, and the number of indentation trials. For the Coefficient of Friction and Tissue

Topography subsections, the program automatically calculates the values and populates the corresponding

output fields once the files are selected. For the Compressive Tissue Properties, the “Calculate” button must

be clicked after the file is selected. The output field will populate with values once the program computes

the solution. All of the input parameters can be exported to a MATLAB data (.mat) file once all of the
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Figure B.1: Screenshots of the input window (a) and the model solution window (b) for the graphical user
interface (GUI) of the capsule designer software. The GUI takes manual inputs for the capsule design
parameters (R, L, D, and FW ), and takes either manual or data entry for tissue properties (E0, E1, E2, η1,
η2, µ, h, and w)
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fields have been populated. Additionally, the model can be compiled by clicking on the “Compile Model”

button. If either the “Compile Model” or “Export Model Inputs” buttons are clicked before all field have

been populated, an error message is generated describing which fields need populated.

Once the “Compile Model” button is clicked and all input field have been populated, the program starts

computing the solution and switched to an intermediate screen (not shown in Fig. B.1). The intermediate

screen displays a row for each capsule index with a total of N rows, along with the time (in s) that is takes to

compute each solution as the solution is found. Once all solutions have been computed, the program displays

the model output screen (Fig. B.1b). The window contains 6 axes, control buttons for navigating between

capsule indexes, and populated output fields on the bottom center of the screen. The and buttons

can be used to navigate sequentially between capsule indexes in reverse and forward order, respectively. The

and buttons can be used to navigate to the beginning and end indexes, respectively. Output fields

include drag force (Fd), resistance force due to contact between the tissue and the vertical leading end of the

capsule (FA), frictional force (Ff ), and force due to the horizontal component of the stress integrated over

the contact area (Fx).

The axes in the top-left of Fig. B.1b display α(x) (in rad). α(x) is the angle of integration with

respect to θ as a function of location along the capsule length.

The axes in the bottom-left of Fig. B.1b display one of three options, σmid, σmid,x, or σmid,y. The

σmid option is the overall stress at the mid-line of the capsule as a function of location along the length of the

capsule (in Pa). The σmid,x option is the horizontal component of the stress at the mid-line of the capsule as

a function of location along the length of the capsule (in Pa). The σmid,y option is the vertical component

of the stress at the mid-line of the capsule as a function of location along the length of the capsule (in Pa).

The axes in the top-center of Fig. B.1b display one of four options, ε, δ, “Tissue Profile 3D”, or

“Tissue Profile 2D”. The ε option displays a 3D rendering of the strain in the tissue substrate. The x- and

y-axes represent dimensions of the contact area (in mm), while the z-axis represents the strain (in %). The

δ option displays the 3D vertical deflection of the tissue substrate on z-axis (in mm) as a function of contact

area dimension on the x- and y-axes (in mm). The “Tissue Profile 3D” option displays a 3D rendering of

the tissue shape function prior to contact with the capsule. Each axis represents the dimension of the tissue
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in mm. The “Tissue Profile 2D” options displays a tissue shape function profile. The y-axis displays the

height of the profile (in mm) while the x-axis displays the length of the profile (in mm).

The axes in the bottom center of Fig. B.1b display one of three options, σ, σx, or σy. The σ option

displays a 3D rendering of the total stress on the capsule over the contact area. The z-axis represents stress

(in Pa) while the x- and y-axes represent contact area dimensions (in mm). The σx option displays a

3D rendering of the horizontal component of the stress on the capsule over the contact area. The z-axis

represents stress (in Pa) while the x- and y-axes represent contact area dimensions (in mm). The σy option

displays a 3D rendering of the vertical component of the stress on the capsule over the contact area. The

z-axis represents stress (in Pa) while the x- and y-axes represent contact area dimensions (in mm).

The axes in the upper right of Fig. B.1b display the output force as a function of the varied variable,

which is R in Fig. B.1b. Each component of the total drag force can be displayed by toggling the corre-

sponding check box on the right side of the axes. Fd is the total drag force (in mN), FA is the force due to

the contact between tissue and the vertical leading end of the capsule (in mN), Ff is the frictional force (in

mN), and Fx is the horizontal component of the stress on the capsule integrated over the contact area (in

mN).

The axes in the lower right of Fig. B.1b display the maximum vertical deflection of the capsule into

the tissue (δmax) as a function of the varied parameter. The vertical axis represents δmax (in mm) while the

horizontal axis represents the varied parameter.

The output data can be exported to a MATLAB data file (.mat) by clicking on the “Export Data”

button, and the plots can be exported to MATLAB figure files (.fig) by clicking on the “Export Plots”

button. If the user would like to go back to the input screen (Fig. B.1a), the “Back” button can be clicked.

To exit the program, the user can click the “Exit” button.
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