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Presently, problem-free diagnosis and therapy for diseases in the gastrointestinal 

(GI) tract are not available.  Particularly challenging is the treatment of diseases deep 

within the small intestine.  Endoscopy is the most commonly used method for accessing 

the GI tract.  However, the endoscope cannot reach much of the small intestines 25 feet 

of length.  Techniques used currently are demanding on doctors and painful for their 

patients.  In order to decrease trauma to patients and demands on physicians 

researchers have been focused on the development of minimally invasive endoscopy 

techniques.  

This dissertation presents the development and evaluation of a novel endoscopy 

method utilizing suction for locomotion within the small bowel.  Several suction tips were 

designed and tested.  Testing consisted of inserting suction tips in the  small intestine of  

swine and allowing them to attach to the intestinal wall using vacuum alone, followed by 

the pulling of the tip parallel (longitudinal) to the intestine.  Damage to the intestine was 

determined by histology and visual inspection.  Data collected consisted of applied 

vacuum, the force required to pull the tip along the intestine and the position. 
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Vacuum forces of 86 kPa were used to generate maximum pull forces of 4.7 N. 

Results indicate locomotion by means of suction tips similar to those used in this study 

are safe and pose no significant harm to the intestinal wall. Additionally, forces of these 

magnitudes have significant potential in the locomotion of various therapeutic devices. 

Finally, the analyses and resultant data are presented.  The results obtained 

support the theoretical and practical claims made by this dissertation. 
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CHAPTER 1 
INTRODUCTION 

Presently, there is no simple and riskless way to diagnose and provide therapy for 

gastrointestinal (GI) diseases.  Especially problematic is the treatment of diseases deep 

within the small intestine.  In the United States, it is estimated that 19 million people 

may suffer from diseases related to the small intestine, including obscure bleeding, 

irritable bowel syndrome, Crohns disease, chronic diarrhea and cancer [1].The National 

Cancer Institute expects approximately 150,000 new cases of cancer within the colon or 

rectum and of these cases, 52,000 are expected to be fatal [2].  This is just a small 

fraction of the millions of people that will need routine exams, since The American 

Cancer Society now recommends a colonoscopy exam starting at age 50 for all men 

and women[3].   

This work considers issues essential to the evolution of robotic endoscopes used 

for traversing the human gastrointestinal (GI) system.  Of specific interest is access to 

the small intestine.  There have been very little data published on the forces required or 

applied by the various existing locomotion methods.  This investigation presents the 

development and analysis of a novel endoscopy method utilizing suction for locomotion 

within the small bowel.   

Motivation  

The major objective of this research is to design a robotic device which could 

advance itself (autonomously) within the intestine.  The overall purpose was to access 

the small bowel in a minimally invasive manner.  This could increase safety levels 

during surgery and significantly reduce the recovery period for the patient.  There are 
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very little data available to assist with the development of devices to provide safe and 

efficient traction within the small bowel.   

 Only a single published study investigated the possibility of damaging the 

intestine with a robotic device [4].  Much of the work on locomotion methods can be 

found in patents and are either untested or not disclosed.  Very little is known as to the 

effectiveness and safety of the existing locomotion methods.  An understanding of the 

forces created by the locomotion device within the intestine is essential in the 

development and design of robotic endoscopes.   

The endoscope needs to be manipulated and pushed from outside the body.  

Forces upwards of 40 N have been recorded during the use of a standard 

endoscope[5].  Being able to direct the scope, review the video and provide patient 

care, all at the same time is a daunting task.  This procedure results in significant 

physical and intellectual pressure on physicians who need to focus on discovering 

abnormalities during the study.   

The ideal endoscope can generate traction within the body so that instead of 

pushing from outside the body and losing the directed force, the force to advance the 

scope comes directly from the tip itself.  It is being pulled along instead of pushed.  This 

type of device could be directed with a simple joystick.  The joystick could be one that 

directs the scope forward and in reverse, rotates the camera for a 3600 view and places 

a therapeutic device in an exact location.  These seemingly simple advances have been 

hindered by one common aspect, safe locomotion within the intestine.   

Current research demonstrates the use of a typical endoscope outside the 

intestinal tract for organ resection [6].  This research is highly promising.  In the future, 



 

20 

doctors will be able to operate on many organs without external incisions.  This work is 

also likely to benefit from the development of a robotic endoscope. 

Problem Statement  

Current endoscopic therapeutic methods are demanding on doctors and painful for 

their patients.  In order to decrease trauma to patients and demands on physicians, 

researchers have been working towards minimally invasive endoscopy techniques.  

These techniques show significant promise in solving some of the main problems 

related to endoscopy procedures such as: pain, inaccessibility and maneuvering 

difficulties.  There are considerable incentives for both patients and the medical 

community to advance this technology.  For example, the average hospital stay can be 

decreased by as much as 50%, potentially saving billions of dollars annually in hospital 

residency costs alone [7].   

Much of the advances in this technology depend on the development of the most 

effective form of locomotion that could provide safe locomotion within the intestine.  

Once identified, this type of locomotion needs to be tested for effectiveness, safety and 

reliability.  Testing needs to be undertaken on real tissue and must resemble the actual 

procedure as much as possible in order to discover any hidden dangers and understand 

the process.  Finally, the forces created by the locomotion method need to be quantified 

and optimized for safety and performance.   

General Solution 

This work has resulted in the identification of suction as the only locomotion 

method that meets the research requirements.  The requirements were to find the least 

hardware intensive method that provides safe traction within the bowel and that can be 

automated.  Suction is easy to use and it is relatively ubiquitous throughout hospitals.  
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Suction is currently used on the endoscope to evacuate the bowel without causing 

damage to the intestine.  It also provides a level of added safety by eliminating the 

possibility of circumferential ischemia. 

Preliminary tests were designed and implemented to validate suction´s potential 

and safety.  The results from these tests were used to define the necessary parameters 

to build an effective testing station.  Utilizing the preliminary data, a dedicated test 

station was constructed.  The force test station (FTS) was designed to measure 

variations in pull force from suction tip surface area and vacuum pressure. 

This work was conducted on swine intestine which is typically used to simulate the 

human intestine [4, 7-11].  After establishing the pulling force of the proposed system, it 

was compared to a more traditional balloon type system of traction for reference.  In 

addition, correlations between vacuum pressure and force were made and the forces 

acting on this system were identified.  Furthermore, damage to the intestinal tract as a 

function of suction tip design was investigated. 
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 

This chapter includes the history of endoscopic devices and the current state of 

procedures.  The Endoscopy Section describes the design and function of endoscopes 

and includes specific examples of their use.  The Enteroscopy Section focuses on the 

small intestine and outlines recent diagnostic techniques and procedures.  Endoscope 

development and possible criteria for a minimally invasive endoscopy device are 

discussed in the Trend Toward Minimally Invasive Procedures Section. 

The Self Propelled Section includes possible solutions for some of the current 

problems with endoscopy devices.  This section also reviews many of the existing 

robotic prototypes.  The Properties of the GI Tract Section contains four subsections: 

Perforations, Ischemia, Friction and Tensile Properties.  The Perforations Subsection 

reviews previous work and perforation statistics.  The Ischemia Subsection explains 

ischemia in detail and outlines its importance and its relationship to balloon-type 

mechanisms.  The Friction Subsection details relevant experiments and their results.  

Lastly, the Tensile Properties Subsection reviews relevant research on stress and strain 

experiments relating to the strength of the intestine. 

History 

Endoscopy is the most common method used for accessing the GI tract.  

However, in general, the endoscope cannot access much of the small intestine.  The 

techniques used for extending the visualization of the small bowel include: push 

enteroscopy, Sonde endoscopy, intra-operative enteroscopy, capsule endoscopy and 

double-balloon enteroscopy.  Push enteroscopy involves advancing a long, thin 

endoscope as far as possible via the mouth.  Although capable of obtaining biopsies 
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and treating lesions, this typically cannot be advanced beyond the proximal jejunum.  

Sonde endoscopy involves patient ingestion of a longer endoscope that is carried 

distally by peristalsis.  After several hours, the physician withdraws the Sonde 

endoscope and visually inspects the mucosa.  This procedure is no longer used.  It is 

prolonged, uncomfortable for patients and does not permit obtaining biopsies or treating 

lesions.  Intra-operative enteroscopy involves the manual advancement of an 

enteroscope by a surgeon who has accessed the small bowel by laparotomy.  This 

permits inspection of the entire bowel, obtaining biopsies and treating lesions, but 

requires an extensive surgery with a long, uncomfortable recovery period.  Intra-

operative enteroscopy result in complications in approximately 16% of the cases with 

mortality rates of up to 11% in addition to pain, lengthy sedation and recovery times 

[12].  Capsule endoscopy is a procedure in which the patient swallows a capsule with a 

camera and transmitter and wears a receiver.  Images are obtained for approximately 8 

hours [13].  Much of the small bowel can be visualized, but biopsies cannot be obtained, 

lesions cannot be treated and areas of interest cannot be re-examined from a different 

angle once the capsule has passed.  Double-balloon enteroscopy, a more recent 

development, involves the sequential inflation and deflation of balloons at the tips of an 

enteroscope and over tube [14].  Through this process, much of the small bowel can be 

traversed.  This permits treatment of lesions and biopsies, but is prolonged and carries 

substantial low-frequency risks and is uncomfortable for patients.  The above 

therapeutic methods are highly demanding for the doctors and painful for the patients. 

The development of minimally invasive endoscopy techniques promises to solve 

some of the main problems related to endoscopy procedures such as pain, 
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inaccessibility and the difficulty of maneuvering.  There are considerable incentives for 

both the patients and the medical community, to research and advance this technology.  

The average hospital stay is cut in half, potentially saving billions of dollars annually in 

hospital residency costs alone [7].  Researchers are applying robotic techniques to the 

endoscope to produce a self propelling endoscopic device.  Combined with some 

automation, self propelling devices may provide a straightforward way to diagnose and 

treat intestinal diseases.  A robotic system could provide a safe and painless way to 

access the small intestine.  A self propelling endoscope may provide expanded 

diagnostic and treatment beyond what is presently available using current medical 

procedures. 

Endoscopy 

Endoscopy literally means “looking inside” and refers to the process of using an 

endoscope to visually inspect inside the human body for medical purposes.  

Conventional endoscopes allow trained specialists to examine, diagnose and, in some 

cases, provide therapeutic procedures within the GI tract. 

There are three main classes of endoscopes: rigid, flexible and capsules.  Rigid 

scopes are used in fairly straight cavities or where the local anatomy cannot support the 

lateral surfaces of the scope.  Endoscopes inserted into the skull, joints and the sigmoid 

colons (roughly, the last 10.16 cm of the colon) are typically rigid.  For example, 

arthroscopes are similar to drinking straws in diameter and can be inserted into a joint 

for examination and for surgical repairs. 

 Flexible endoscopes are particularly useful in a variety of physiological lumens 

(tube-like cavities) where curves are present [15].  The lumen supports the lateral 

surfaces of the endoscope while it is advanced into the body.  Examples of these 
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endoscopes include: flexible colonoscopes and gastroscopes.  Colonoscopes are 

inserted through the rectum equipped with a fiber optic or CCD camera and typically 

include working channels for irrigation, suction, insufflations, biopsies and therapy.  

Figure 2-1 shows a typical colonoscope used to examine the full length of the colon 

which is approximately 137 cm (4.5feet) in length.  Gastroscopes are similar but 

inserted through the mouth to examine the esophagus, stomach and first and second 

portion of the duodenum.  Both scopes come in various diameters and with multiple 

options. 

 The wireless capsule endoscope is presently widely used because it is easy to 

use and can painlessly diagnose ailments within the small intestine.  However, the 

capsule cannot provide therapy and travels with the bodies’ motility (normal digestion of 

the GI tract) taking 8 or more hours to pass [16].  There are many variations of 

endoscopes, each tailored for a specific purpose. 

Presently, the colonoscopy procedure requires the insertion of an endoscope 

through the anus to the colon.  Colonoscopy is performed with an endoscope equipped 

with a distal tip that can be actuated manually by a physician up to 1800 by an external 

angulation control knob as shown in Figure 2-2.  Although the flexibility and control of 

the scope enhance the ability to follow tortuous paths within the colon, physicians must 

exert high levels of force and torque on the shaft outside the patient.   

These high force levels cause discomfort and anxiety by producing internal 

pressures and stretching the intestinal walls [17].  Appleyard et al.  [5] recorded as 

much as 43.1 N (9.7 lbs) of force exerted during a colonoscopy procedure.  Additionally, 

the colon must be flushed with air and water in order to properly view the organ.  This 
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adds to the patients’ discomfort during and after the procedure.  Push-type endoscopes 

suffer from looping in the bowel causing discomfort and requiring patient sedation.  

Looping is caused when the scope forms a loop within the bowel due to loss of 

advancement.  When looping occurs, the bowel is stretched and deformed by the 

scope, causing pain and discomfort. 

Colonoscopy is widely accepted as the most effective method to screen the colon 

for abnormal tissue growth which can be cancerous (neoplasia).  The American Cancer 

Society now recommends all men and women have a colonoscopy every five years 

starting at age 50 [3].  The National Cancer Institute expects 153,760 new cases of 

cancer within the colon or rectum and 52,180 of these cases, are expected to be fatal 

[2].  These are small numbers compared to the millions of people diagnosed with 

diseases of the digestive tract, such as, Crohn’s disease, ulcerative colitis, intestinal 

bleeding or blockage [18].  Minimizing discomfort to patients and physicians during 

endoscopies will encourage the use of these potentially life-saving procedures.[19]. 

Enteroscopy 

Enteroscopy is the medical procedure used exclusively to access the small 

intestine.  The small intestine is a tube with a diameter of approximately 2.54 cm and a 

length of 762 cm (25 feet).  It comprises numerous tortuous bends allowing it to fit under 

the stomach.  Figure 2-3 shows the three subsections of the small bowel.  The first 

section is the duodenum which is approximately 25.4 cm long (all lengths are 

approximate, since they vary among individuals).  The duodenum connects the stomach 

to the jejunum.  It is the first and shortest part of the small intestine and it is where most 

of the chemical digestion takes place.  The Jejunum follows the duodenum and is 

approximately 203 cm long.  The ileum comprises approximately 305 cm that remain of 

http://en.wikipedia.org/wiki/Stomach�
http://en.wikipedia.org/wiki/Jejunum�
http://en.wikipedia.org/wiki/Small_intestine�
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the small intestine.  The small intestine is the most difficult organ to access and 

comprises over 70% of the GI tract. 

Approximately 19 million people in the United States may suffer from diseases 

related to the small intestine, including obscure bleeding, irritable bowel syndrome, 

Crohns disease, chronic diarrhea and cancer [1].  Presently, diagnoses of small 

intestine diseases are done by ruling out all other parts of the digestive tract through 

imaging techniques (barium ingestion, ultrasound, MRI), or visually, with the new 

capsule endoscope which is limited by view angle, intermittent pictures at 2 frames per 

second and orientation [16].  Treatment of small intestine diseases generally requires 

extremely invasive surgery (laparotomy) with a prolonged recovery period. 

Several endoscopic techniques for the small bowel have been developed.  These 

include the ropeway, sonde, push, capsule and most recently the double balloon.  Both 

the ropeway and sonde involve complicated and lengthy procedures and are no longer 

in use.  Push enteroscopy has been the most widely used.  However, the procedure can 

only be used up to the proximal jejunum (first 25.4 – 30.5 cm) of the small intestine, 

unless combined with an overtube or an operative procedure.  [14].  A laparotomy (intra-

operative enteroscopy) is required, to view the entire small bowel with push 

enteroscopes.  This necessitates that the surgeons manually slide the small intestine 

over the scope while the endoscopist guides the scope and views the pathology.  A 

laparotomy is major surgery.  the American Society for Gastrointestinal Endoscopy 

reports complication rates as high as 16% and mortality rates of up to 11%, in addition 

to significant sedation requirements and lengthy recovery periods [12]. 
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Capsule endoscopy (CE) (wireless video endoscopy) and double-balloon 

endoscopy (DBE) are two new promising techniques for inspection and therapy of the 

small bowel.  CE is an ingestible pill equivalent in size and shape to a multivitamin, 

(Figure 2-4).  The pill is taken orally and travels through the digestive tract by natural 

motility.  Once swallowed, the capsule transmits a radio frequency which is received by 

sensors.  The sensors send the data to a recorder worn around the waist of the patient.  

The recorder then stores the information over the course of several hours, for eventual 

download and review (Figure 2-5).   

CE is the least invasive and preferred method of diagnosis for diseases within the 

small intestine.  The limitations of CE include low frequency (2 Hz), inability to perform 

therapeutic procedures and limited view angle.  In addition, the procedure is lengthy and 

locating identified lesions can be difficult.  Some patients cannot excrete the capsule 

requiring surgical retrieval of the pill.  However, recent studies have reported CE to be a 

viable resource for finding pathologies and have demonstrated improved outcomes 

compared to push enteroscopy [13]. 

Similarly, DBE has been shown to be a valuable improvement over existing small 

bowel devices.  Presently the double-balloon endoscope system consists of a dedicated 

endoscope with an option to mount a balloon at its distal end (the further distance from 

operator), an overtube, also with a balloon at its end and an air pump controller to 

deflate or inflate the balloons to 6.0 kPa (Figure 2-6 & 2-7).  A recent investigation of the 

performance of 178 DBE (89 by the antegrade approach and 89 by retrograde 

approach) showed that DBE can reach, on average, through either route, half to two-

thirds of the entire small intestine [14].  This study concluded that the entire small 
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intestine was observed in 86% of cases (using both approaches).  These results are 

comparable to the current capsule endoscopy results yielding observation of the entire 

small intestine in 79% of cases.  DBE, however, is still new, expensive and requires well 

trained and experienced physicians for successful operation.  Additionally DBE of the 

entire small bowel takes over two hours, even for experienced physicians.  This can be 

dangerous for both physician and patient.  The additional time required to perform DBE, 

makes the procedure less cost effective, since it reduces the number of procedures 

done per day.  Effects of pressure distention of the small bowel have not been 

extensively studied, one report indicates that blood is cut off to the intestine at 4.8 kPa, 

thus, DBE has not been widely accepted [4]. 

Trend Toward Minimally Invasive Procedures 

The flexible endoscope is one of the most significant developments in endoscopy.  

The flexible fiber optic endoscope was developed in 1958.  An interface between 

endoscope and computer was established in 1969 with the invention of the charge 

couple device (CCD) allowing for digital imaging.  In the last 40 years there have been 

significant advances in diagnosis and treatments with endoscopes.  However, the 

fundamental technology has not improved [20].   

Since the early 1990s there has been a trend toward less invasive or minimally 

invasive endoscopic procedures [20].  Minimally invasive medical techniques are aimed 

at reducing the amount of collateral damage during diagnostic or surgical procedures.  

This reduces patient recovery time, discomfort and dangerous side effects.  Over 21 

million surgeries each year are now performed in the United States.  It is estimated that 

8 million or 38% of these surgeries can be performed using a minimally invasive 
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procedure.  However, only 13% of surgeries are currently performed this way due, in 

part, to limitations in surgical technology.   

There are significant incentives for both patients and the medical community to 

advance this technology.  Following a minimally invasive procedure, the average patient 

hospital stay is reduced by half compared to standard surgical practice.  This could 

potentially save billions of dollars annually in hospital residency costs alone [7].  

Advantages to the patient include decreases in recovery time, less discomfort and 

surgical side effects and less missed work.   

 For push-type enteroscopy, improvements were made in angulations, 

construction of longer and thinner scopes, as well as the use of long overtubes.  

Stiffeners, spines, lubrication and vibration techniques were tested as means of 

assisting the push-type enteroscope.  Sonde scopes were increased in length and fitted 

with air, suction and the potential for passage of biopsy forceps.  Research on 

laparoscopic-assisted enteroscopy found the technique to be cumbersome and resulting 

in numerous perforations of the bowel [21].   

The ideal minimally invasive endoscope would require no sedation and would be, 

safe, fast, comfortable, reasonably inexpensive, less resource intensive and more 

accurate than conventional endoscopy.   

Self Propelled Endoscopes 

The trend toward minimally invasive procedures has propelled the development of 

new technologies, such as the capsule and double-balloon endoscope.  Self-propelling 

endoscopes that can provide at least the same functions as a conventional endoscope 

form the basis for the next generation of minimally invasive procedures [17].  Self-

propelled endoscopes are, in essence, miniature robots capable of traversing the entire 
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digestive tract with no sedation.  This robot could potentially be 100% autonomous, 

rapidly going though the intestine recording pictures and pathology information, taking 

polyp biopsies, cauterizing open lesions and alerting physicians to unidentified 

pathologies for further diagnosis.  This relatively new research area focuses on 

eliminating the inherent problems associated with externally pushing or pulling an 

enteroscope.  Providing propulsion at the tip or along the entire scope is the next step 

toward the development of self-propelled devices.  Most of the current methods under 

investigation simulate the locomotion of earthworms, tapeworms, snakes, lizards and 

millipedes[11, 17, 19, 22-27].  Other methods of locomotion not present in nature are 

wheels and tracks which have been proposed for endoscopic locomotion [21]. 

The most common method for propelling endoscopes simulates the locomotion 

modalities of earthworms [21].  Earthworms travel by means of waves of muscular 

contractions which alternately shorten and lengthen the body.  Figure 2-8 shows how 

this locomotion method is simulated.  Inflatable segments such as balloons are attached 

to the endoscope.  A rear balloon is inflated while the body extends, the rear is then 

deflated and the tip is inflated to anchor the progression.  Finally the body contracts to 

advance the rear balloon.  Figure 2-9, from the original patent, shows the sequence of 

operations needed in order to advance the scope using the earthworm mode of 

locomotion [28]. 

Slatkin et al.  [11] describe a robotic earthworm prototype using expandable rubber 

balloons to provide distention (inflate) while small pistons provide extension to generate 

movement.  This can be seen in Figure 2-10.  Figure 2-11 shows the prototype tested in 

vivo (in a living organ) within the small intestine of an adult pig, which is an excellent 
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model for human small intestines [11].  These researchers demonstrated successful 

propulsion through segments of small pig intestine.  However, further development was 

required before the technique could be advanced. 

A balloon-type mechanism for earthworm-type locomotion is not feasible, because 

inflating these segments has been shown to burst the intestinal wall [21].  A good 

working knowledge of hoop stress of the small bowel is also critical in order to design a 

balloon-style mechanism capable of traversing the bowel without causing ischemia [4].   

Research to date highlights the need for a more comprehensive understanding of 

the biomechanical properties of the small intestine in order to advance the development 

of self-propelled devices. 

Carrozza et al.  [17] used suction at the rear and tip to provide adhesion to the 

intestinal wall instead of inflating balloons.  The prototype in Figure 2-12 has a series of 

small holes along the actuator surface.  When a vacuum is applied through the holes, 

the negative pressure causes the surface to suck onto the intestinal wall; consequently 

the micro robot adheres to the wall.  They report that the prototype successfully 

navigated into the colon, in the forward and backward directions.[29].  Menciassi et al.  

[27] combined suction with clamping to improve the gripping efficiency.  The clamping 

mechanism is inserted open, as seen in Figure 2-13.  A vacuum is introduced causing 

the intestine to collapse into the open clamp.  After which the clamp closes clamping the 

tissue and hence achieving a positive hold.  In vivo experiments on a pig demonstrated 

that the robot could traverse a distance of 53 cm from the anus. 

Suction has been shown useful in providing traction in various studies.  Gentilli et 

al.  [30] designed a suction grasper for laparoscopic surgery.  These researchers 
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showed that the suction grasper performed well in adhering to the tissue, reduced 

average surgery time and allowed greater access and control.  Farhadi [24] added 

suction tubes to reduce the amount of force necessary to advance the scope (Figure 2-

14).  A more recent use of this technology is illustrated by the HeartLander, a mobile 

robot using suction to walk on the surface of the heart [31].  The HeartLander 

locomotion technique is again similar to that of a worm, in that, one half advances and 

grips while the other half provides the reaction force.  However, HeartLander uses pure 

suction for traction.  The research shows that gripper pads with no grates, increased 

extension speed and increased vacuum all lead to increased traction forces [31]. 

A comprehensive listing of the available literature can be found in Tables 1 and 2.  

Table 1 lists characteristics of various techniques, e.g.  push, pull or walk.  Table 2 lists 

key advantages and disadvantages, as well as highlights the extent to which a 

technique has been adopted.  These studies are paving the way to improved 

procedures and significant enhancements in endoscopy technology. 

Properties of the Gastro Intestinal Tract 

As previously mentioned, understanding the biomechanical properties of the small 

intestine is critical in the development of self-propelled endoscopic techniques.  To date, 

robotic endoscopes have been developed with very limited information on the damage 

these devices may cause to the intestine.  In the case of a self-propelling endoscope, 

the wall of the intestine must fully support the weight and forces needed to advance the 

endoscope.  The safety of the instrument for use in humans must be a key 

consideration in all development [22]. 
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Perforations 

One of the most severe complications of endoscopy is tearing or perforations of 

the intestinal tissue.  Studies have found that colonoscopic perforations occur in roughly 

2 % of procedures and of these, 40% resulted in additional surgical complications, 

including 8.6% resulting in mortality [32, 33].  Information available concerning the 

biomechanical strength of the intestine is limited.  Original testing involved injecting air 

or other fluid until the intestine burst.  Studies have found variations of burst pressures 

ranging from 6.80 to 2000 kPa [34].  This large variation does not provide a basis for 

design. 

In addition, the burst pressure may not be the best indicator of damage to the 

intestine.  Damage can be done to the patient if any of the small intestine layers are 

torn.  The small intestine is comprised of three main layers: the serosa layer, muscle 

layer and mucosa layer, (Figure 2-15) [35].  The serosa layer coats the intestine and 

runs into the mesentery.  The muscle coat is composed of two layers one with 

longitudinal fibers and the other with circular fibers.  The last coat called the mucous 

membrane can also be viewed as two layers, the submucosa and mucosa layer.  The 

submucosa, the strongest layer of the intestine, connects the mucous and muscular 

layers.  The mucosa forms the internal layer of the intestine and is composed of circular 

folds and villi which together create a large surface area for absorption within the 

intestine. 

There is limited information available regarding the forces needed to tear the 

intestine by pressing directly on the tissue.  This is partly due to the difficulty in 

measuring applied forces of the endoscope.  Its flexibility prevents direct transmission of 

force to the tip.  During normal endoscopy, injury to the intestine does not necessarily 
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come from direct pressure at the tip, but by stretching of the tissue due to looping of the 

scope within the intestine.  Wu [34] mounted the tip or hood of the Olympus CF-LB2 

endoscope onto the tip of a wooden rod attached to a push-pull gauge to measure 

perforation forces of the human colon, measurements ranged from 26.7 N to 89.0 N.   

Heijnsdijk et al.  [10] reported that laparoscopic bowel surgery found perforation 

incidents up to 0.7% and, from these, mortality rates as high as 20%.  These 

researchers describe perforation testing on human and pig intestines by pinching 

samples of bowel between two metal hemispheres until the tissue is perforated.  

Perforation was detected by the electrical resistance between the two hemispheres.  

Results of this work indicated that there was no difference between human and pig 

small bowel (10.3+- 2.9 vs.  11.0 +- 2.5 N) and that very little force, approximately 10.2 

N, can puncture the intestine. 

Ischemia 

Blood is supplied to the small bowel through the mesentery which in addition 

anchors the intestine to the abdomen.  As the mesentery arteries enter the wall of the 

intestine they branch out into arterioles as shown in Figure 2-16.  Ischemia is a 

restriction in blood supply, generally due to factors in the blood vessels, which result in 

damage or dysfunction of tissue.  Tissue damage to the gastrointestinal tract resulting 

from ischemia is a major factor in further complications, multiple organ failure (MOF) 

and death [36].  Balloon-type mechanisms can constrict or cut off the flow of blood.  A 

thorough understanding of ischemia is essential for the development of self-propelled 

endoscopes.  Hoeg et al.  [4] realized that their robotic endoscope can cause stress-

induced ischemia and developed a model to predict this onset.  The test setup used a 

7.6 cm piece of intestine mounted in between two tubes as shown in Figure 2-17.  

http://en.wikipedia.org/wiki/Blood_vessel�
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Saline was injected at a constant rate of 3 cc per min into the mesenteric artery.  

Internal pressure was gradually increased until the saline flow stopped.  These 

researchers reported that backflow pressure measurements were highly repeatable.  

Backflow started between 4.1 and 4.8 kPa for every trial.  The average was 4.62 kPa, 

with a standard deviation of 0.552 kPa. 

Friction 

Accoto et al.  [37] performed measurements of the frictional properties of the GI 

tract by investigating the friction of smooth and grooved aluminum plates sliding across 

intestinal tissue.  These researchers predicted that the coefficient of friction of a grooved 

surface is 220 times higher than that of a smooth surface.  Also, the coefficient of 

friction for smooth surfaces indicates that exploiting the tangential force resulting from a 

normal pressure will not result in locomotion because the slippery surfaces require 

pressure values that can result in ischemia.  Additional friction research has included 

the interaction of the capsule endoscope with the intestine.  Recent studies reported 

capsules of 8-13mm diameter averaged 20 – 80 mN of frictional force.  It was also 

found that an increase in speed, diameter and surface area resulted in an increase in 

friction [38, 39]. 

Tensile Properties 

The mechanical properties of the GI tract have been studied by various workers.  

Studies of the layers that compose the intestine have reported a 15%-20% contribution 

of the muscular layers, a 70-75% contribution of the submucosa and a 5-10% 

contribution of the serosa to the strength of the human intestinal wall.  Small bowel 

tensile properties of transversal specimens in maximal stress and destructive strain 

were 0.9 MPa and 140% and for the large bowel 0.9MPa and 180% respectively [8].  
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Bharucha et al. [40] characterized the viscoelastic properties of the human colon by 

assessing pressure-volume relationships during barostatic balloon distension.  Several 

other methods of testing soft biological tissue have been developed using compression, 

extension and ultrasound [41-43]. 

There have been significant improvements in endoscopic technology and 

procedures during the last 10 years.  The industry has advanced by adding access 

channels, digital cameras, smaller packaging and numerous specialty tools.  Further 

improvements will need to include the reduction of patients’ discomfort and increased 

access to the small bowel.  These objectives can be accomplished by applying the force 

to advance the scope from the tip and pulling instead of pushing the scope.  By pulling 

the scope, looping of the scope can be minimized.  Looping is the main cause of pain 

and intestinal tearing.  In addition, limited access to the small bowel is a significant 

problem that must be addressed.  Suction appears to be the mode of locomotion that is 

more likely to yield effective and safe movement through the intestine and allow for the 

development of the next generation of endoscopic devices. 
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Figure 2-1.  Tip diagram of a general push-type colonoscope [15] 

 

 
Figure 2-2.  Diagram of a general push-type colonoscope [15] 
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Figure 2-3.  Small intestine subsections: duodenum, jejunum and ileum [44] 
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Figure 2-4.  M2A capsule size reference [13] 

 

 
Figure 2-5.  M2A capsule gear [13] 
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Figure 2-6.  Double balloon endoscope and overtube [14] 

 

 
Figure 2-7.  Double balloon endoscope pump controller [14] 
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Figure 2-8.  Phase changes of the worm type endoscope needed for locomotion [11] 
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Figure 2-9.  Drawing of earthworm type locomotion patented by Robert E. Frazer [28] 
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Figure 2-10.  Earthworm prototype using expandable rubber balloons [11] 

 

 
Figure 2-11.  In vivo testing of the earthworm prototype on swine intestine [11] 
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Figure 2-12.  Robotic endoscope using suction for traction patented by Dario et al. [45] 

 

 
Figure 2-13.  Prototype using a combination of suction and clamping for traction [27] 
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Figure 2-14.  Side tubes for suction to aid with advancement [24] 
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Figure 2-15.  Diagram detailing the layers of the human small intestine [46] 
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Figure 2-16.  Arteries and arterioles of the small intestine during ischemia testing [4] 

 

 
Figure 2-17.  Diagram of the test for ischemia [4] 
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Table 2-1.  Characteristics of various enteroscopic technologies 
 Push Pull Sonde 

(digest) Everting Mother/Baby 
(Master/Slave) 

Spine/ 
Overtube 

Stiffness 
control Lubricant Inflate Vacuum Drive/Grip/ 

Traction Jet Walk Non-
tethered 

Sonde[21, 47]   *            
Ileoscopy[48, 49] *    *          
Laparoscopic-assisted 
Enteroscopy[50-52] * *      *       
Push-type (general)[15, 
21, 53] *      * *       
Variable stiffness     
overtube[21, 54] *     * *        
Central spine[21, 55] *     * *        
Rope-way, Thread-
guided[56] * *     * *       
Vibrating 
endoscope[21, 57] *       *       
Everting, toposcopic, 
no sliding friction[21, 
58] 

*   *     *      

Balloons, wall 
stretching, 
earthworms[7, 21, 26, 
28, 59] 

 *       *    *  

Suction crawlers[21, 
29] * *        *   *  
Snake[60, 61] * *      *   *    
Multiple moving rings 
(millipede)[62] * *         *  *  
Legs[63]  *         *  *  
Water jet (octopus)[21, 
64] * *      *    *   
Wheels and belts,  
caterpillar[26, 58, 65] * *         *    
Belts as everting 
balloon[58] *   *       *    
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Table 2-1. Continued 
Steerable snake[60] *       *       
Inchworm, snakelike[7, 
66] * *         *  *  
Wireless capsule[1, 
67-69]   *           * 
Double Balloon[14, 16, 
70] * *    *   *  *  *  
Aer-o-Scope[71] *        *      
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Table 2-2.  Advantages and disadvantages of various enteroscopic technologies 
Locomotion Advantages Disadvantages Notes 
Sonde[21, 47] traverses small bowel incredibly slow, lack of tip control, loses 30% 

viewing ability on pull-back 
established method 

Ileoscopy[48, 49] traverses ileum+ small bowel not traversed established method 
Laparoscopic-assisted 
Enteroscopy[50-52] 

robotic equipment exists high cost, surgery required tearing, perforations, 
hardware intensive, stiffness of endoscope still an 
issue, difficult to advance the endoscope under 
laparoscopic control 

established method 

Push-type (general)[15, 

21, 53] 
use existing endoscopes or 
variations 

looping, increasing loss of transmission force to tip, 
failure of advancement 

no established success in 
traversing substantial portion of 
small intestine 

Variable stiffness     
overtube[21, 54] 

floppy when advancing overtube, 
then stiff when sliding inner 
endoscope 

still to stiff to advance completely, limits diameter of 
scope 

no published actual in vivo use 

Central spine[21, 55] central spine (sequence of close 
fitting balls, sockets) alternates 
flexible then rigid so that exterior 
endoscope can advance 

only the tip alternates flexibility, the remaining 
endoscope maintains its usual stiffness, which 
causes a problem elsewhere in the bowel, where 
the endoscope can jamb 

no published actual in vivo use 

Rope-way, Thread-
guided[56] 

patient swallows wire that traverses 
rectum, then endoscope is 
simultaneously pushed and pulled 

painful and requires general anesthesia, method no 
longer used 

oldest, established method for 
traversing the entire small bowel 
without surgery, fully therapeutic 

Vibrating endoscope[21, 

57] 
vibrates, effectively reducing friction whole endoscope must vibrate, hardware intensive no published actual in vivo use 

Everting, toposcopic, 
no sliding friction[21, 58] 

rolling contact, emulates unraveling 
a balloon from inside out 

need 7m+ of balloon two known successful cases 

Balloons, wall 
stretching, 
earthworms[7, 21, 26, 28, 59] 

balloons, etc. incrementally grip 
bowel walls and walk 

hardware intensive, dangerous because of bursting 
bowel and ischemia, known to burst bowel 

no published actual in vivo use 

Suction crawlers[21, 29] vacuum incrementally grips bowel 
wall and unit walks 

hardware intensive, stiffness no published actual in vivo use, 
prototype was able to navigate 
into the colon, forward and 
backward  
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Table 2-2.  Continued 
Snake[60, 61] body swims in serpentine manner too much articulation required, computationally and 

mechanically burdensome 
no published actual in vivo use, 
rubber model only 
 

Multiple moving rings 
(millipede)[62] 

walking borescope consists of three 
groups of five rings (washer like) 

slow, hardware intensive, stiffness still issue no published actual in vivo use 

Legs[63] legs swim or walk body through positive advancement not assured, may have to 
rely on digestive process 

no published actual in vivo use 

Water jet (octopus)[21, 64] octopus-like, thrust of 2.5N propels 
scope, use to avoid loops 

possibility of two much water, stiffness still issue in vivo pig colon only 

Wheels and belts,  
caterpillar[26, 58, 65] 

caterpillar-like motion walks unit, 
pulls endoscope 

hardware intensive no published actual in vivo use 

Belts as everting 
balloon[58] 

everting belts propel scope stiffness of endoscope is still issue still in development 

Steerable snake[60] snake follows contour of small 
bowel as it finds it, like tram cars 
follow preceding tram cars 

same issues as snake, too much articulation 
required 

no published actual in vivo use 

Inchworm, snakelike[7, 

66] 
same function as balloons, 
earthworm 

hardware intensive, danger of ischemia, bursting pig colon only, no in vivo tests 

Wireless capsule[1, 67-69] new method for traversing the entire 
bowel 

not therapeutic, capsule can only view, no 
controllability, slow because relies on digestive 
tract 

new established method 

Double Balloon[14, 16, 70] new method for traversing the entire 
bowel 

therapeutic, long procedure, doctor intensive new method 

Aer-o-Scope[71] Pressure differential propels inflated 
balloon thru colon only 

Not therapeutic, dangerous because of bursting 
bowel, still experimental 

ten known successful cases, 
colon only 
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CHAPTER 3 
IMPLEMENTATION 

This chapter presents the design and experimental tests required to evaluate the 

suction locomotion principle.  The Preliminary Research section includes the original 

concept and the testing required to demonstrate locomotion within the intestine by 

suction.  The Initial Animal Testing Section demonstrates and validates the locomotion 

by suction principle.  Data obtained in cadaveric and live animals are presented.  The 

results show that locomotion can be safely achieved and provide data necessary for the 

design of a test station for further research.  The final section, Hardware Design and 

Integration reviews the parameters previously obtained and those needed for the 

building of the force test station (FTS).  Each component selected for the FTS is 

discussed along with the integration and calibration of these components. 

Preliminary Research 

This section is divided into three subsection; the concept prototype, testing station 

and tip design.  The concept prototype section reviews the initial prototype used to 

demonstrate the theory of locomotion by suction.  The testing station is used to simulate 

the tortuous turns within the bowl and the presence of other organs while testing (I am 

not sure what you meant by this sentence regarding the presence of other organs).  

Various suction tips were used in this work and their design is a critical parameter.  The 

tip design process is discussed and the important aspects of the tip design are 

highlighted. 

Concept Prototype 

An initial prototype was designed and built in order to provide insight into design 

details, integration issues and visualizations that were not possible otherwise.  This 
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concept was based on preliminary consideration of stiffness, friction and on the 

biological properties of the small intestine as well as an extensive study of the available 

literature.  The design incorporates a degree of simplicity with regards to operation, 

function and power delivery.  It was the intention to incorporate existing endoscopes (in 

a passive manner) in order to reduce the overall complexity of the device and readily 

deliver endoscopic therapy to any point in the intestine. 

The prototype (P1) was designed in order to explore a mobility concept referred to 

as locomotion by suction and study the forces and properties needed to traverse the 

small intestine.  The prototype was designed to be 50% larger than necessary in order 

to reduce time and cost during construction.  Locomotion for P1 is obtained through 

small suction modules located on either side of the prototype.  These suction modules 

are connected to a chain that is driven by two sprockets and miter gears attached to a 

drive shaft as seen in Figures 3-1 and 3-2.  The chain is driven in a reciprocating motion 

as the suction modules exhibit opposing roles of suction and release. 

 Therefore, while one module applies a vacuum (holding onto the intestinal wall), 

the drive chain moves, pulling or pushing the prototype relative to the wall and 

concurrently, the second module blows air in order to release any hold of the tissue and 

enlarge the cavity.  Once the chain reaches the maximum travel, the modules reverse 

roles and the chain is driven in the opposite direction.  The action of the modules and 

the propulsion of the drive chain generate the forward and backward motion of the 

prototype.  An important aspect of this design is that the rotational effort can be supplied 

by an external rotating cable or an internal motor.  An external cable would need high 

torsional stiffness, but low lateral stiffness and this configuration theoretically provides 
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unlimited power.  An internal motor may be limited in power but reduces friction by 

eliminating any excess dragging components. 

The initial prototype was a proof-of-concept device.  It was also used to 

demonstrate and explain the mechanics concepts to medical faculty collaborators.   

Testing Station 

A test station comprised of a clear acrylic container with entry and exit ports was 

constructed as shown in Figure 3-3.  It served as a test platform to which animal or 

simulated intestines could be attached; allowing observation of prototype apparatus 

traversing the medium.  The test station also functioned as a confined reusable platform 

for testing of future designs modifications.  The test station was designed with 

removable pegs to enable the simulation of curves in an actual intestine.  This was used 

in the first ex-vivo experiment on swine colon which is discussed later in this chapter. 

Suction Tip Designs 

The Endoscopic Suturing Device (ESD) tip shown in Figure 3-4 (A) was supplied 

by Wilson-Cook Medical Inc.  (Winston-Salem, NC).  The ESD was designed to suture 

gastrointestinal tissue.  This tip was selected because of its large surface area, the 

rounded tip that avoids scraping the mucosa (intestinal wall) and its small foot print.  

The tip was part of a kit that includes two suturing tips and an add-on access channel.  

The channel was also used to allow lateral actuation of one tip. 

The acrylonitrile butadiene styrene (ABS) tips were designed and fabricated on a 

rapid prototype machine; see Figure 3-4 (B).  The ABS tips were hemispherical in 

design with an inside diameter ranging from 0.76 cm to 1.27 cm (0.30 to 0.50 inches).  

Three coats of cyanoacrylate were applied directly to the tip to create an air tight seal.  



 

56 

Table A-1 in Appendix A lists the tips used in this work along with their design 

specifications. 

The s tainless s teel (SS) tips c an b e s een in Figure 3-4 (C).  SS_Tip3, S S_Tip4, 

SS_Tip5 and SS_Tip6, were cut from thin walled tubing with an inside diameter of 0.46 

cm, 0.51 cm, 0.55 cm and 0.61 cm respectively.  All tips had a wall thickness of 0.0254 

cm.  The t ips were approximately 2. 54 c m i n l ength and were a ttached t o c lear 

polyvinylchloride (PVC) tubing.   

The aluminum (AL) tips were a cross design between the ESD and ABS tips.  As 

seen below in Figure 3-4 (D) they were designed and fabricated specifically for this 

work.  Three diameters were used: 0 .794 cm, 0.953 cm and 1.11 cm.  All tips were 3.18 

cm in length and attached to clear polyvinylchloride (PVC) tubing. 

Initial Animal Testing 

The porcine model, being the closest to the human anatomy, is the accepted 

standard model for endoscopic research [4, 7-11].  Testing was done on tissue obtained 

from swine two to three months of age and ranging in weight from 28.1 Kg to 38.5 Kg.  

Live studies were performed on animals under general anesthesia.  The anesthesia 

consisted of 5 ml telazol, reconstituted with 250 mg of ketamine, 250 mg xylazine.  A 

dosage of 1 ml per 222.4 N (50 lbs) was administered for all tests.   

 Endoscopic examinations of the GI tract using various research protocols were 

performed.  After completion of the endoscopic studies, animals were euthanized with 

10 ml sodium pentobarbital.  Segments of cadaveric small intestine were resected and 

removed from the peritoneal cavity for suction testing.  Live suction studies were 

performed along with a histological examination to accurately describe the extent of 

damage made to the bowel. 
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All animal testing were conducted using swine intestine and performed in full 

compliance of the University´s Institutional Animal Care and Use Committee (IACUC) 

regulations.   

In-Vitro Experiment 

A preliminary experiment was conducted in order to understand the characteristics 

of the intestine and test the initial concept of locomotion.  Understanding the material 

characteristics of the intestine in a natural environment was the main objective of this 

experiment.  The secondary objective was to conduct a preliminary test using suction 

for locomotion and evaluate its feasibility.  The experiment was performed on swine 

large intestine inside the testing station (in-vitro).  The results yielded information on the 

characteristics of the intestine.  The characteristics observed included tissue thickness, 

compliant, collapsible, inflatable, well lubricated and angles in excess of 200 degrees 

were naturally formed (noticed when harvesting the intestine).  Also of interest, it was 

observed that when the mesentery is attached (as would be in a live study) the intestine 

is restricted from elongating and resists straightening. 

For the second objective, an ordinary endoscope was outfitted with several 

components as illustrated in Figure 3-5.  The first component is a fixed gripper (Gripper 

one) which is fixed to the scope just under the articulated tip, anchoring the scope onto 

the intestine.  The second component is a reciprocating gripper (Gripper two), attached 

so that it can reciprocate inline, in order to advance the scope.  It should be noticed that 

each gripper uses suction to provide the force necessary to hold itself against the 

intestinal wall.  Suction was chosen primarily because it has proven traction capability 

and does not cause ischemia as previously discussed.  Suction also provides a force 

that can be easily measured throughout the experiment.  Furthermore, suction is 
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provided in most hospitals at pressures in the 85 kPa range which is more than 

sufficient for the experiments in this study.   

These suction grippers alternate operation.  Gripper 1 suctions onto the intestinal 

wall therefore fixing the wall to the scope, while gripper 2 advances forward.  Once 

gripper 2 is fully advanced, suction is applied and the gripper attaches itself to the 

intestinal wall.  Gripper 1 then releases suction on the wall and allows gripper 2 to be 

retracted.  Gripper 2 begins to retract pulling the intestinal wall over the tip or distal end 

of the scope.  Once fully retracted, gripper 1 applies suction and is again fixed in place.  

Gripper 2 releases suction and the process is repeated until the desired location is 

reached.  This process can be viewed as similar in action to climbing a ladder.  This 

traction design is intended to be attached onto an existing endoscope and has no 

adverse effects on the functionality of the endoscope. 

Addition of the suction modification to the endoscope allowed for the realistic 

incorporation of the locomotion method.  This experiment, illustrated in Figure 3-6, 

produced a fundamental understanding of small intestine locomotion and served to 

validate the suction concept for locomotion.  Test results showed that 66.7 kPa of 

vacuum were sufficient to advance the endoscope.  Other important results from the 

preliminary tests are listed below. 

I. The movable tip on gripper 2 as designed with a flat tip caught the intestine and 
pushed/stretched it forward instead of allowing the tip to slide by. 

II. The fixed tip location and configuration caused the intestine to fold and catch on 
the tip. 

III. Suction of the intestine onto the tip caused fluid stiction on the suction tips and a 
puff of air was required to release the tip. 

IV. The original 1/16” diameter holes did not provide enough force from suction. 
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In-Situ Experiment 

A second experiment was conducted incorporating the results from the first 

experiment and to further elucidate the concept of suction for propulsion.  The 

experiment was performed within swine small intestine in its natural orientation while 

still attached to the host (in-situ), as shown in Figure 3-7.   

The new experimental setup consisted of adding one access channel and two 

suturing devices from Cook Medical (Cook Medical, Indiana, America) onto the 

endoscope.  The access channel and suturing device is shown in Figure 3-8.  The 

suturing device addresses problems I, II and IV identified in the first experiment and 

listed above.  This suturing device has a smooth and well rounded tip to prevent it from 

snagging the intestine; it also has a large cavity that provides good surface area for 

suction.  In preparation for the test, a standard upper endoscope (Olympus Medical 

System, Tokyo, Japan) was outfitted with one access channel and one suturing device 

fixed to the outside of the scope.  A second suturing device was placed inside of the 

add-on access channel, allowing the suturing tip to translate along the length of the 

scope. 

Following the initial setup, the endoscope was advanced into the cadaveric small 

intestine.  By creating suction in the fixed tip, the endoscope anchored to the mucosa 

and remained stationary while the movable tip was advanced 5.08 cm into the small 

bowel.  Suction was then applied to the extended movable tip to attach it to the distal 

bowel mucosa.  Suction on the fixed tip was then released and a puff of air directed 

through the fixed tip was used to detach it from the lumen.  The movable tip with suction 

was then pulled back resulting in advancement of the scope.  This procedure was 

repeated to advance the endoscope into the small bowel. 
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The suction tips used for the in-situ experiments were designed for endoscopic 

suturing.  The Flexible Endoscopic Suturing Device (ESD) was designed to suture 

gastrointestinal tissue.  This tip was chosen for its large surface area, rounded tip that 

avoids scraping the mucosa (intestinal wall) and its small footprint.  The ESD consists of 

a suturing device that utilizes suction to bring the gastrointestinal tissue into the suturing 

cup as illustrated in Figure 3-9.  Without modification, the ESD was able to provide 

traction to an ordinary endoscope. 

The experiments described served to observe firsthand the structure and attributes 

of the intestine and to test the application of suction on the bowel.  The first experiment 

provided an excellent opportunity to study the structure of the intestine and its 

interaction with the suction forces.  The second experiment incorporated the results of 

the first and demonstrated suction could be used to advance the scope.  Determination 

of the limits for safe operation and finding the maximum traction force that can be 

applied safely to the intestine are key elements in the design and application of the 

suction locomotion concept to endoscopy. 

Preliminary Studies 

Segments of cadaveric swine small intestine were resected and removed from the 

peritoneal cavity.  The peritoneal cavity is the membrane bound space within the 

abdomen that contains the intestines, the stomach and the liver.  One continuous piece 

of small intestine was removed and divided into approximately 25 cm subsections for 

testing.  Testing was completed by applying various vacuum pressures to suction tips.  

A standard hospital vacuum system was used to generate the vacuum.  Suction tips 

attached to a length of hose were placed into the intestine test pieces.  Incremental 
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force was applied until the suction cup disengaged from the intestinal wall (slipped) or 

caused mucosal or mural damage.   

The test pieces of swine intestine were pulled in a shearing motion.  The vacuum 

pressure and the force needed to detach the suction tip from the intestine were 

recorded.  The force was recorded by a digital scale pulled by hand with a resolution of 

0.28 N and an accuracy of ± 0.14 N.  The vacuum pressure was measured with a 

Glycerin-filled vacuum gauge.  The intestine and specifically the site where suction was 

applied were carefully inspected for trauma including tears or contusions. 

The data collected for the following studies are included as Appendix C.  The test 

summaries below do not include all subtests performed; they only indicate observations 

and maximum values.  Appendix C includes complete records of the tests performed.   

Preliminary Test-1 

In the first bench test, test-1, the new ABS tip was used and although there was a 

maximum recorded vacuum pressure of 74.5 kPa, the maximum pull force (The largest 

force obtained while pulling the tip along the intestine) was less than 0.278 N.  There 

was a significant vacuum between the tip and the tissue as evidenced in Figure 3-10.  

However, it was later noticed that the tip’s vacuum channel was completely clogged by 

mucus from the intestine.  This was, in part, due to the small diameter of the vacuum 

channel (0.159 cm).   

Immediately after testing the ABS tip, the intestinal section was dissected and 

evaluated.  All visual evaluations of samples were carried out by Dr.  Mihir Wagh of the 

University of Florida Medical School in Gainesville, Florida who concluded that the 

damage was not excessive, only minimal damage was visible.  For the purposes of this 

work, minimal damage is defined as any damage produced by the suction locomotion 
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device that does not result in harm to humans as judged by a gastroenterologist´s visual 

inspection of a specimen.  The damage to the intestine by the ABS tip was less visible 

than damage from some of the ordinary biopsies performed in the gastrointestinal tract.   

The rapid prototype process left the ABS tips surface rough and porous.  Size 

constraints and resolution of the rapid prototype made the use of these tips unfeasible 

and they were not used in future experiments. 

Preliminary Test-2 

For test-2 the initial ESD tip used to originally demonstrate locomotion by suction 

was used.  The ESD tip was used without modifications.  The digital force measuring 

instrument was connected to the handle of the device and pulled manually.  Figure 3-11 

shows the typical setup for test-2.  A maximum vacuum pressure of 64.3 kPa and a 

maximum pull force of 1.95 N were recorded.  The tip did not tear the intestine or cause 

excessive damage.  During the experiment, the tip slipped after holding on to the 

intestine in what is referred to as stick slip. 

Preliminary Test-3 

Test-3 was performed exactly as the previous test except that a new swine was 

used.  A maximum vacuum pressure of 74.5 kPa and a maximum pull force of 2.22 N 

were recorded.  Telescoping of the intestine was observed and the different stages are 

shown in Figures 3-12 through 3-15.  The ESD tip did not tear the intestine or cause 

excessive damage. 

Preliminary Test-4 

The ESD handle was modified for test-4 and future tests.  The handle was 

removed, leaving only a straight section of tubing and the ESD tip attached.  The 

modified device is shown in Figure 3-16.  The handle was removed in an effort to 
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eliminate measurement errors due to off axis forces and moments that might be 

introduced.  In order to attach the digital measuring device to the ESD, the tubing was 

wrapped with a flat nylon ribbon adhered to the tube with a coating of cyanoacrylate.  

The ribbon was then looped and tied into a knot at the end forming a f ixed loop used to 

attach the force measuring device.  A maximum vacuum pressure of 84.7 kPa and a 

maximum pull force of 3.61 N were recorded.  Of particular interest here is that the pull 

force increased indicating that forces were not directed correctly in the previous ESD 

tests.  The modified ESD tip did not tear the intestine or cause excessive damage.   

Preliminary Test-5 

Test-5 was performed exactly as the previous test using the modified ESD.  A 

maximum vacuum pressure of 77.9 kPa and a maximum pull force of 3.34 N were 

recorded.  Large amounts of mucus lodged in the tubing after each test and needed to 

be rinsed out before proceeding.  Figure 3-17 shows the amount of mucus extracted 

from inside the ESD tip immediately after testing.  The modified ESD tip did not tear the 

intestine or cause excessive damage. 

Preliminary Test-6 

Test-6 was performed exactly as the previous test using the modified ESD.  A 

maximum vacuum pressure of 84.7 kPa and a maximum pull force of 3.61 N were 

recorded.  Additionally, pictures were taken of the area where suction was applied using 

the ESD tip.  A digital microscope was used to photograph the suction area after the 

test was complete.  The digital photograph was taken at 35X and is shown in Figure 3-

18.  The photograph and actual tissue were carefully inspected and no tears or 

excessive damage was found. 
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Preliminary Test-7 

For test-7, new stainless steel tips (SS tips) designed and constructed for this work 

were used.  SS_Tip3, SS_Tip4, SS_Tip5 and SS_Tip6, were cut from thin walled tubing 

with an inside diameter of 0.46 cm, 0.51 cm, 0.55 cm and 0.61 cm respectively.  The 

collection of SS_Tips is shown in Figure 3-19.  The tips, as described earlier, were cut 

from straight stainless steel tubing and mounted into vinyl tubing.  This test used all 4 

different diameter tubes, thus different results were expected from each tip.  SS_Tip3 

provided 1.67 N of force with 71.1 kPa of vacuum pressure, similarly SS_Tip4 provided 

1.67 N of force with 71.1 kPa of vacuum pressure, SS_Tip5 provided 1.95 N of force 

with 77.9 kPa of vacuum pressure and SS_Tip6 provided 1.67 N of force with 81.3 kPa 

of vacuum pressure.  The larger diameter tip was expected to provide the largest pulling 

force.  The data shows a correlation of larger forces due to larger tip size in conjunction 

with higher vacuum forces.  Due to the fluctuation in vacuum pressure, it is difficult to 

discern the most influential cause of increased in force.  As previously noted, there are 

variations in the vacuum pressure provided by the hospital during the experiments.  

Because it is a multi user system, every time a user opens or closes the vacuum valve 

anywhere throughout the hospital fluctuations in the pressure occur.  Also, of interest is 

the open end design of the SS tips which allow the tips to easily become filled with 

mucus during the initial insertion process.  The tips were full of mucus before the tests 

began and as result were less effective.  The SS tips did not tear the intestine or cause 

excessive damage.  However, of all the tips used in this work, the SS tips caused the 

most visible damage.  The additional damage can be attributed to the thin, sharp edges 

of the steel tubing. 
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Preliminary Test-8 

Test-8 was a diverse test where the ESD tip was used along with SS_Tip3 and 

SS_Tip6.  The test was performed in this manner (with multiple tips) to obtain histology 

data for the intestine using both tip designs.  A maximum vacuum pressure of 83.0 kPa 

and a maximum pull force of 2.22 N were recorded for the ESD tip.  A maximum 

vacuum pressure of 83.0 kPa and a maximum pull force of 1.95 N were recorded for 

SS_Tip3.  And a maximum vacuum pressure of 74.5 kPa and a maximum pull force of 

1.11 N were recorded for SS_Tip6.  The intestine test pieces were placed into formalin 

filled (1:10 dilution, buffered) buckets and left for 24 hours.  The specimens were then 

trimmed and cut across the diameter making small rings and placed in a cassette to be 

sectioned and read by a pathologist.  The histology report in Table 3-1 points out that all 

samples, including the control, contained a significant number of dead cells and the 

pathologist was unable to discern any differences.  Histology on dead animals is difficult 

to obtain due to the rapid death of cells in a cadaveric sample.  For completeness, the 

inspections were completed to ascertain if differences could be detected.  The swine for 

this study was euthanized three hours before testing was complete giving ample time 

for the deterioration of the cells and thus making it difficult to discern differences.   

Preliminary Test-9 

For test-9, three new aluminum tips were machined AL_Tip1, AL_Tip2 and 

AL_Tip3, were milled from a 1.27 cm diameter aluminum rod.  A ball end mill was used 

to cut a hemispherical cup of diameters, 0.795 cm, 0.953 cm, 1.11 cm respectively.  The 

complete set of AL_Tips is shown in Figure 3-20.  This design has three different 

hemispherical cuts which give each tip a unique surface area and therefore different 

results were expected from each AL tip.  The tip with a larger surface area and equal 
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pressure was expected to provide the largest pulling force.  In order to attach the digital 

measuring device, a plastic tubing clip was used and a thin flexible steel cable was 

looped and secured to the tubing using the above mentioned clip.  Figure 3-21 shows a 

close-up of the attachment method.  The Dillon Digital Force Gauge, model GS 10 

pictured in Figure 3-22 and described later in the Hardware Section was used for this 

test.  The Dillon gauge has a capacity of 10 N and a certified published accuracy of 

±0.25% of capacity.  The certification of the Dillon Force Gauge is included in Appendix 

A.  The force gauge is equipped with a serial port for real time recording which was 

interfaced with MATLAB® for computer control.  A MATLAB® program was written to 

record and graph the force data.  The plot was updated in real time so that the force and 

the occurrence of stick slip could be observed.  The AL_Tip1 provided 2.03 N of force 

with 88.0 kPa of vacuum pressure, AL_Tip2 provided 3.20 N of force with 88.0 kPa of 

vacuum pressure and AL_Tip3 provided 4.56 N of force with 88.0 kPa of vacuum 

pressure.  The AL tips did not tear the intestine or cause excessive damage. 

Preliminary Test-10 

Test-10 was a trial run for the force test station (FTS) described later in this 

section.  During this test the FTS was fully functional except for real-time pressure 

readings.  AL_Tip1 provided 3.16 N of force however, vacuum pressure was not 

recorded, AL_Tip2 provided 4.41 N of force with 81.3 kPa of vacuum pressure and 

AL_Tip3 provided 4.32 N of force with 74.5 kPa of vacuum pressure.  This test served 

to validate the FTS.  The FTS setup and test procedure functioned without problems or 

incidents.  The AL tips did not tear the intestine or cause excessive damage. 
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In-Vivo Study 

Test-1L was the first live study performed.  An in-vivo (live) test was needed to 

obtain accurate histological results.  The original hand held digital force gauge was used 

to measure the pull force.  The ESD tip was used along with SS_Tip3 and SS_Tip6.  

The test was again performed in this manner (with multiple tips) so that histology data 

on the intestine could be obtained for both tip designs.  The swine intestine was 

perforated and the test tip inserted.  Suction was applied and the distal end of the 

suction site was marked by suturing the intestine.  A maximum vacuum pressure of 81.3 

kPa and a maximum pull force of 1.67 N were recorded for the ESD tip.  A maximum 

vacuum pressure of 81.3 kPa and a maximum pull force of 1.25 N were recorded for 

SS_Tip3.  And a maximum vacuum pressure of 67.7 kPa and a maximum pull force of 

0.97 N were recorded for SS_Tip6.  After testing, the swine was kept alive for 30 

minutes and then euthanized.  The intestine was sectioned and the test pieces were 

placed into formalin (1:10 dilution, buffered) filled buckets and left for 24 hours.  The 

specimens were then trimmed and cut across the diameter making small rings and 

placed in a cassette to be sectioned and read by the pathologist.  The process is shown 

in Figure 3-23.  Figure 3-24 shows an additional test piece which was dissected and 

photographed to show the visible damage.  The histology report in Table 3-2 confirms 

the ESD tips 1LA and 1LB caused more damage than the SS tips 3 and 6.  These 

findings are expected since the ESD tips provided 1.67 N of pull force compared to 1.11 

N with the SS tips. 

Hardware Design and Integration 

The initial studies discussed above allowed for the collection of data necessary to 

design an appropriate force testing station (FTS).  The FTS was used to accurately and 
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consistently measure the pull force, pressure changes and elongation parameters 

needed for this study.  Previous tests had indicated the need for a linear motion slide 

capable of traveling 25 cm.  Automation of the slide is necessary for hands free testing 

and distance measurements needed to be collected.  The FTS design parameters 

needed to provide a mechanism to pull in a linear motion with a controllable speed of 

0.10 to 0.30 cm/s.  Results to date indicate that the maximum force needed to pull the 

tip from the intestine is approximately 4.56 N.  To allow for larger forces, a digital 

measuring device with at least twice the measuring capacity was required.  In addition, 

the force gauge was required to maintain an accuracy of ± 0.05 N and communicate 

serially in order to log the data in MATLAB®.  The FTS was designed Figure 3-25 is a 

photograph of the force test station.  The engineering drawings and component 

specifications are provided in Appendix A. 

Linear Slide 

To allow for linear motion a standard linear slide and block was chosen from the 

THK Company [model # SSR15XMY, stainless steel, length 35.56 cm].  The assembly 

(slide and block) resists pitch, roll and yaw bending moments. 

Stepper Motor and Driver 

A stepper motor was used to provide a consistent and controlled rotary motion 

which was converted to linear motion.  Stepper motors provide motion in discrete steps 

and, unless stalled, the position can be determined with accuracy and precision.  The 

unipolar stepper motor used was wired in a bipolar configuration.  Connecting the motor 

this way increases the impedance and resistance thereby decreasing the current draw.  

The motor ratings were 5 ohms per phase, 1 A per phase.  It had six wires and moved 

in 1.8 degree steps.  Additionally a motor driver was built for the stepper motor.  This 
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set-up provided full and half steps to the motor.  The controller was designed to handle 

one motor at a maximum of 2.5 amps continuously.  The motor driver, shown in Figure 

3-26, was designed with the ST-L298 dual full-bridge driver integrated circuit.   

Rack and Pinion 

The rack and pinion was used to convert the rotary motion from the stepper motor 

into linear motion for the linear slide.  A brass rack was obtained from McMaster Carr 

(part #7854K15) and was cut to a length of 30.50 cm.  A stainless steel pinion 

(McMaster Carr part #6832K62) with a shaft diameter at 0.635 cm was used with 

stepper motor.   

Linear Potentiometer 

A linear potentiometer was selected to complement the stepper motor count.  To 

increase the resolution of the linear distance measurement a Celesco SP-50 was 

purchased Celesco Inc.  The SP-50 uses a 10K ohm potentiometer and a resolution 

limited only by the analog to digital converter used. 

Vacuum Pressure Sensor 

A PTD25-20-VH (donated by Automation Direct) was used to record vacuum 

pressure.  The sensor has an 11 bit resolution and a guaranteed accuracy of ± 0.75%.  

It senses a pressure range of 0 – 99.97 kPa.  The input voltage can range from 10-30 V 

and the output ranges form 4 – 20 mA.  In order to read a voltage output, a 170 ohm 

resistor was used with a 13 V input. 

Digital Force Gauge 

The Dillon Digital Force Gauge, model GS 10, shown in Figure 3-22, was used to 

measure the gauge pressure.  This scale exceeded the requirements with a capacity of 

10 N, a resolution of 0.005 N and a certified accuracy of ± 0.25% of full scale.  The 
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guaranteed accuracy of the force gauge is calculated to be ± 0.025 N.  The certification 

for the Dillon Force Gauge is included as Appendix A.  The scale has a standard RS-

232 serial interface with a baud rate of 38400 bps.  The standard serial interface 

allowed for a serial to USB adapter to connect the gauge with a computer.  The scale 

has a peak capture rate of 0.100 ms, an internal analog to digital sampling rate of 1,000 

Hz and an operating temperature of 15 – 35 C.   

Microcontroller and Analog to Digital Converter 

The Basic Stamp II (BS2) microcontroller, shown in Figure 3-27, was used to 

control the stepper motor and interface the analog to digital converter (ADC) with 

MATLAB®.  The eight channel 12 bit Maxim186 analog to digital converter, shown in 

Figure 3-28, was used for data acquisition from the vacuum sensor and linear 

potentiometer.  An embedded program was written for the BS2 controlling each 

individual step of the stepper motor.  Additionally, the program handled reading and 

filtering the ADC.  Ten readings of the ADC were taken between each motor step and 

the readings were averaged.  The vacuum pressure, potentiometer data and step count 

were recorded using MATLAB®.  The BS2 code was written so that all necessary 

parameters could be changed within MATLAB® and sent to the BS2.   

Force Test Station 

The base of the force test station (FTS) was constructed from an aluminum alloy 

6061stock and 0.635 cm thick.  It needed to allow for 30.50 cm of travel and the 

integration of a linear slide, rack and pinion and stops for limits and distance 

measurements.  Two plates that fit together at a 90 degree angle housed the stepper 

motor and the force gauge.  The angle bracket was then fitted onto the linear block and 

aligned by the rack and pinion. 
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Extra space was milled out on either end of the rack and pinion so as to not allow 

the system to drive too far in either direction.  The rack and pinion can disengage and 

allow the system to come to a stop freely without damage to any components.   

After integrating all the components, the FTS needed to be computer controlled.  A 

MATLAB® program was written to interface directly with the Dillon force gauge and send 

step commands to the BS2.  Step commands can be sent from MATLAB® to the BS2 

which in turn can run its internal program (rotating the stepper motor by one step) and 

return the step count along with an averaged vacuum and potentiometer reading.  An 

output file with these data and the force measurement can be generated using 

MATLAB®.  At the end of 1200 steps, the time and maximum tension value recorded by 

the force gauge was stored in the output file and plots were generated automatically for 

evaluation.  The BS2 and the MATLAB® code can be found in Appendix B.   

Tissue Stand 

A tissue stand was designed to clamp down the tissue and hold it at a fixed 

distance.  Aluminum was used for the top and bottom plates along with a stainless steel 

toggle clamp [McMaster Carr (part#5128A48)].  Figure 3-29 shows a full view of the 

stand. 

System Calibration 

Once the force test station was complete, the vacuum sensor and linear 

potentiometer were calibrated.  To calibrate the vacuum sensor, 25 pressure settings 

from 0 – 82.5 kPa in increments of 3.3 kPa were visually set using a dedicated vacuum 

pump with a release valve and an analog vacuum gauge.  For each increment, the 

corresponding sensor value was recorded in MATLAB®.  After 25 recordings, MATLAB® 

was used to graph and regress the data.  Figure 3-30 shows the fit of the vacuum 
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sensor experimental data.  Using the least squares approach, a linear fit with a norm of 

residual value (R) of 0.90572 was established.  The norm of residuals is a measure of 

the goodness of fit, where a smaller value indicates a better fit than a larger value.  A 

more common measure of the "goodness of fit" of a correlation than the norm is the 

correlation coefficient r.  The square of r is the fraction of the variance in the dependent 

variables that is explained by the correlation.  In mathematical form: 
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standard deviation.  For the calibration data n = 25, the r squared value for the 

regressed vacuum pressure data is calculated below. 

 

𝑟𝑟2 = 1 −
(0.90572)2

(25 − 1)(7.36)2 = 0.9994 
(3-2) 

 

This indicates that the linear fit explains 99.94% of the variation in pressure.  The 

regression equations are listed below.  

 

𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = −0.010922 ∗ 𝑉𝑉𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟 + 6.8593 (3-3) 
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The resulting equation was validated using four known vacuum values and found 

to have an accuracy of ± 0.05 kPa. 

Calibrating the potentiometer was very similar to that of the vacuum sensor.  To 

calibrate the potentiometer, 25 distance measurements from 3.81 cm – 35.56 cm in 

increments of 1.27 cm were set.  At each increment, the corresponding sensor value 

was recorded in MATLAB®.  After 25 recordings, MATLAB® was used to graph the data 

and find the best fit line.  Figure 3-31 shows the linear fit of the potentiometer 

experimental data.  The best fit equation with a norm of residual value of 0.044463 is 

listed below.   

 

𝐿𝐿𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑔𝑔𝑠𝑠𝑑𝑑𝑔𝑔 = 0.010627 ∗ 𝑃𝑃𝑝𝑝𝑠𝑠𝑑𝑑𝑔𝑔𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑝𝑝𝑔𝑔𝑑𝑑𝑔𝑔𝑟𝑟 − 3.1881 (3-4) 

 

Equation 3-2 above was modified so that it could be zeroed at an X value of 300, 

the potentiometer value corresponding to the initial start position.  For this data n = 25, 

the r squared value for the regressed potentiometer data is calculated below. 

 

𝑟𝑟2 = 1 −
(0.044463)2

(25 − 1)(3.68)2 = 0.9999 
(3-5) 

 

This indicates that the linear fit explains 99.99% of the variation in linear distance. 

Equation 3-4 was validated using four known distance values and shown to have 

an accuracy of ± 0.03 cm. 

In order to calibrate the stepper motor count to obtain a distance measurement, 

the centimeters per half step was calculated.  This was accomplished by measuring the 
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distance range needed to move 1200 half steps and dividing that distance by the 

number of steps.  The measured distance was 23.97 cm and the resulting conversion is 

0.02 cm/half step.   

 

𝐿𝐿𝑑𝑑𝑠𝑠𝑔𝑔𝑔𝑔𝑟𝑟 𝐷𝐷𝑑𝑑𝑠𝑠𝑑𝑑𝑔𝑔𝑠𝑠𝑑𝑑𝑔𝑔 = 0.02 ∗ 𝑆𝑆𝑑𝑑𝑔𝑔𝑝𝑝 𝐶𝐶𝑠𝑠𝑔𝑔𝑠𝑠𝑑𝑑 (3-6) 

 

The conversion was then applied to a measured distance of 16.91 cm.  The step 

count for that distance was 850 steps which convert to a distance of 17.00 cm.   

The potentiometer value was compared to the step count for accuracy.  The 

potentiometer value which correlates with the previous step count was 926.  The 

distance traveled using this step count was calculated from Equation 3-6 and found to 

be16.90 cm.  These results demonstrate the accuracy of the potentiometer system.  In 

this work, half steps will be referred to simply as steps.  These are the only reference to 

steps that are used throughout this work. 
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Figure 3-1.  Locomotion by suction prototype (top body shell removed) 

 

 
Figure 3-2.  Assembled suction prototype in test container 

 

 
Figure 3-3.  Sealed acrylic container for testing 

Sprocket 

Drive Chain Rapid prototype ABS body 
 

Drive shaft 

Mounting for suction 
module 
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Figure 3-4.  Suction testing tips. A) ESD. B) ABS. C) SS. D) AL  

 

 
Figure 3-5.  Endoscope with suction grippers to test locomotion by suction 

 

 
Figure 3-6.  First test of locomotion by suction on pig intestine 
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Figure 3-7.  Second experimental test of locomotion by suction 

 

 
Figure 3-8.  The endoscopic suturing device attached to the endoscope  
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Figure 3-9.  ESD suction tip. A) ESD set. B) ESD tip during testing 

 

 
Figure 3-10.  Test-1 ABS tip suctioned to small intestine tissue 



 

79 

 
Figure 3-11.  Test-2 setup with the original ESD tip 

 

 
Figure 3-12.  Stage 1 of the telescoping effect during Test-3 

 

 
Figure 3-13.  Stage 2 of the telescoping effect during Test-3 
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Figure 3-14.  Stage 3 of the telescoping effect during Test-3 

 

  
Figure 3-15.  Stage 4 of the telescoping effect during Test-3 

 

 
Figure 3-16.  Modified ESD tip by removing handle for Test-4 
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Figure 3-17.  The amount of intestinal mucus extracted from a single test 

 

  
Figure 3-18.  Photograph and measurements taken with digital microscope at 35X 
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Figure 3-19.  Collection of all four variable diameter SS_Tips  

 

 
Figure 3-20.  Complete set of all three variable sized AL_Tips 

 

 
Figure 3-21.  Tubing attachment connecting the test tips to the force gauge  
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Figure 3-22.  Dillon digital force gauge model GS 10 

 

 
Figure 3-23.  Preparation of intestine from the live study for the histology lab 
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Figure 3-24.  Inside of the intestine after pull test with ESD tip during Test-1L 

 

 
Figure 3-25.  Stepper motor driver circuit  
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Figure 3-26.  Force test station (FTS) and electronics  

 

 
Figure 3-27.  Basic stamp II  
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Figure 3-28.  Maxim analog to digital converter  

 

 
Figure 3-29.  Tissue stand and force test station during Test-11  
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Table 3-1.  Histology results from cadaveric test 8 
Specimen ID Specimen Force (N) /Vacuum 

(kPa) 
Exfoliation of luminal 
enterocyte epithelium, 

severity 

Lamina propria 
disruption 

Other comments 

08p-1606 A Small Intestine 2.2 / 83.0 severe moderate  

08p-1606 B Small Intestine 1.7 / 71.1 severe moderate  

08p-1606 C Small Intestine 1.9 / 83.0 severe moderate  

08p-1606 D Small Intestine 1.1 /74.5 severe moderate Villar tip autolysis 

08p-1606 E Small Intestine Control severe moderate  
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Table 3-2.  Histology results from live test 1L 
Specimen ID Specimen Force (N) 

/Vacuum (kPa) 
Exfoliation of luminal 

enterocytes, hemorrhage 
Lamina propria 

disruption 
Erosions or ulcers of 

mucosa 
Crypt 

ectasia 

1LA Small Intestine 1.67 /81.3 Focally severe loss of villar 
architecture with hemorrhage 

moderate Focal erosions moderate 

1LB Small Intestine 1.1 / 74.5 Focal mild loss of villar 
architecture 

Mild to focally 
moderate 

Focal erosion e mild 

1LC Small Intestine 1.25 / 81.3 Exfoliation of luminal 
enterocytes, 

hemorrhage,edema 

Mild Luminal enterocyte loss 
minimal focal erosion 

minimal 

1LD Small Intestine 0.97 / 67.7 Exfoliation of luminal 
enterocytes, 

hemorrhage,edema 

Mild Luminal enterocyte loss 
minimal focal erosion 

minimal 

1LE Small Intestine Control Normal-minimal Normal-none None-normal Normal-
none 
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Figure 3-30.  Linear fit of the vacuum sensor experimental data  
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Figure 3-31.  Linear fit of the potentiometer experimental data  
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CHAPTER 4 
RESULTS  

This chapter includes the testing protocol for validation of the suction locomotion 

concept and the results for the testing series.  The test setup and a description of the 

data acquisition are described in the Animal Testing Section.  In the Test Procedure 

Section a detailed account of the testing methodology and sequence is thoroughly 

explained.  A discussion of each test performed and the evaluation of individual results 

are presented.  The Test Results Section provides an overview of the results obtained.   

Final Animal Testing 

Final tests are those completed with the force test station (FTS) and real-time 

recording.  All tests were performed using three aluminum tips, AL_Tip1, AL_Tip2 and 

AL_Tip3 consisting of hemispherical cups of varying surface area.  Table 4-1 lists the 

diameters and surface areas of each tip.  For the final testing, porcine small intestine 

was used.  The following external variables were recorded; barometric pressure, 

laboratory temperature, swine gender, weight and time when animal was euthanized 

and when testing began.  All tests discussed in this section were completed with the 

force test station (FTS).  This provided for the collection of pull force data, vacuum 

pressure, time and travel distance in real-time during pull tests.  In addition, MATLAB® 

was used for FTS data acquisition, recording and operation.  This allowed for consistent 

automated testing.  The recorded maximum values are tabulated and can be found in 

Appendix C.  The raw data and final program files have been compressed and included 

in the Object Section.   

 
Object 4-1.  Collection of the raw data files (.zip file 483 KB) 
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Test procedure  

Testing began by extracting a continuous section of small intestine from the 

euthanized swine.  The intestine was then divided into several segments approximately 

25 cm in length.  Two of these segments were rinsed externally and placed lengthwise 

on an absorbent paper towel.  The tissue stand and the force test station (FTS) are 

aligned and placed 13 cm from the edge of the laboratory bench with a space of 25 cm 

separating the two.  The segments of tissue were then placed on the tissue stand and 

secured by a clamp.  The remaining segments were wrapped and covered with a moist 

towel to preserve the tissue. 

The corresponding MATLAB® program is started and the stepper motor proceeds 

to the home position.  The home position is the starting point for all tests and it is 

located at potentiometer value 300.  While the motor homes, the vacuum line is 

attached to the AL_Tip tubing and placed into the intestine segment resting on the 

tissue stand.  Once the motor has been homed the digital force gauge is zeroed through 

the MATLAB® program. 

Next, the vacuum pressure is turned on, causing an immediate adhesion of the tip 

to the intestine.  The tip tubing is attached to the force gauge where the connection has 

some slack.  A unique file name is used to record the data within MATLAB®.  The FTS 

pulls at a constant rate of 21 cm/s for 1200 steps.  Data sampling frequency is 10 Hz.  

The distance per step calculated during the calibration is 0.02 cm/step.  Therefore, 1200 

steps result in 24 cm of linear travel from the FTS.  A photograph overlooking the entire 

test setup is shown in Figure 4-1.  

Before reviewing the test results key terminology need be defined.  The term 

"load" is used to describe when the tissue has not yet stretched significantly and that full 
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vacuum is maintained while the tip is pulling.  The term "slide" is used to describe how 

the tissue moves across the tip, while full vacuum is maintained as the tissue is fully (or 

significantly) "loaded".  The term "slip" is used to describe that a partial (or total) loss of 

vacuum has occurred.  Then, Fmax is the force recorded just before slip, which is 

dependent on the configuration or properties of the intestine (e.g. "bunched up", 

hydrated, section type, etc.), and the amount of vacuum at the tip as well as the surface 

area of the tip. 

Force Test-1 

Force Test-1, the AL_Tip1 provided 1.96 N of force with 72.3 kPa of vacuum 

pressure, AL_Tip2 provided 3.05 N of force with 73.86 kPa of vacuum pressure and 

AL_Tip3 provided 3.94 N of force with 82.9 kPa of vacuum pressure.  Table 4-1 shows 

all the maximum forces categorized by tip size.  Figures 4-2 - 4-7 show the measured 

force and pressure with respect to the travel distance of the FTS. 

 To analyze the graph it is necessary to understand the physical representation of 

the data.  Looking at Figure 4-2 and moving along the x-axis the suction tip begins 

pulling on the intestine with a small peak of 0.55 N of force at a distance of 2.5 cm.  This 

is the loading phase and is caused when the pull force (Fpull) is less than the maximum 

force (Fmax) needed to cause a slip.  The regions encircled show small amplitude 

fluctuations and are a direct result of the tip sliding along the intestine.  This region 

shows the Fpull = Fmax and therefore causes sliding.  These small amplitude peaks 

(force fluctuations) result from the non homogeneous nature of the small intestine.  

These peaks average a change in distance of 0.04 cm and a change in force of 0.03 N 

each. 
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 The next part of the data shows a smooth rise in the data from a distance of 5.4 

cm to 5.8 cm.  This rise indicates that the intestine is elongated by approximately 0.4 cm 

on average before sliding begins.  The first major peak is seen at 6.3 cm.  At this peak a 

force of 1.69 N was recorded immediately before the tip slipped off of the intestine 

reducing the force to less than 0.50 N.  Slip occurs when the Fpull > Fmax and the 

integrity of the suction seal is lost.  It can be noted that the major peak to peak 

measurements are uniform.  This uniformity comes from slowly stretching the intestine 

and bunching up the excess behind the tip.  Once a significant amount of tissue has 

been accumulated it causes the tip to disengage.  The tip quickly recovers and suctions 

back onto the intestine, however at this point the tissue has relaxed and is again 

stretched until reaching the second peak of 1.83 N at 8.3 cm.  The figure highlights the 

largest force obtained in the study.  

Video files demonstrating actual testing g and showing the sliding and stick slip 

conditions have been compressed and included in the Object Section.  

 
Object 4-2.  Collection of testing video files (.zip file 115 MB) 

 
The swine used did not fast before this procedure and the fecal matter was 

released by gravity-only drain.  AL tips did not tear the intestine or cause excessive 

damage. 

Force Test-2 

This test was identical to test-1 with regard to the setup.  Figure 4-8 through Figure 

4-17 show the measured force and pressure with respect to the travel distance of the 

FTS.  AL_Tip1 provided 2.62 N of force with 82.26 kPa of vacuum pressure, AL_Tip2 

provided 3.28 N of force with 84.73 kPa of vacuum pressure and AL_Tip3 provided 3.24 
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N of force with 80.50 kPa of vacuum pressure.  Refer to Table 4-1 for all the maximum 

forces categorized by tip size.  Figure 4-8 shows a high initial elongation due to slip.  

The small periodic oscillations from 0 cm to 5 cm are results of the vacuum tip sliding 

against the intestine as previously described.  The sliding is not enough to cause a large 

decline in force but it is visually observable during testing.  

Force Test-3 

The third test was similar to test-2 except for the introduction of a dedicated 

vacuum pump.  To minimize the variation in pressure, a dedicated vacuum pump which 

can deliver a constant vacuum pressure was used.  Figure 4-18 through Figure 4-39 

show the measured force and pressure with respect to the travel distance of the FTS.  

Mean vacuum pressures of 85.32 kPa, 65.27 kPa and 49.37 kPa were set for each tip 

size.  AL_Tip1 provided a maximum of 4.00 N of force with 85.61 kPa of vacuum 

pressure, AL_Tip2 provided a maximum of 4.74 N of force with 85.07 kPa of vacuum 

pressure and AL_Tip3 provided a maximum of 4.42 N of force with 85.67 kPa of 

vacuum pressure.  Table 4-1 shows all the maximum forces categorized by tip size.  

The dedicated vacuum pump results in a consistent pressure distribution throughout the 

entire test procedure.  The pressure sensor data shown in Figures 4-19, 4-21, 4-23 and 

4-25 show the consistency of the pressure obtained using the dedicated vacuum pump. 

Figure 4-19 shows a mean pressure of 85.32 kPa with a standard deviation of 0.33 

kPa.  The maximum recorded pressure value was 86.46 kPa and the minimum was 

84.17 kPa.  Figure 4-21 shows a mean pressure of 84.98 kPa with a standard deviation 

of 0.34 kPa.  The maximum recorded pressure value was 86.24 kPa and the minimum 

was 83.87 kPa.  Figure 4-23 shows a mean pressure of 67.47 kPa with a standard 

deviation of 0.38 kPa.  The maximum recorded pressure value was 68.75 kPa and the 
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minimum was 65.27 kPa.  Figure 4-25 shows a mean pressure of 50.94 kPa with a 

standard deviation of 0.477 kPa.  The maximum recorded pressure value was 52.40 

kPa and the minimum was 49.37 kPa.   

The results obtained here and the small standard deviations in the pressure data 

indicate that the dedicated vacuum pump provided a consistent pressure.  Thus, the 

vacuum pressure was considered constant and the mean was used for calculations in 

all additional tests.   

Force Test-4 

Testing ended with Force Test-4.  Testing procedures were identical to that of 

Force Test-3.  Figure 4-40 through Figure 4-57 show the measured force and pressure 

with respect to the travel distance of the FTS.  Mean vacuum pressures of 85.32 kPa, 

65.27 kPa and 49.37 kPa were set for each tip size.  AL_Tip1 provided a maximum of 

2.41 N of  force with 86.31 kPa of vacuum pressure, AL_Tip2 provided a maximum of 

3.84 N of  force with 69.44 kPa of vacuum pressure and AL_Tip3 provided a maximum 

of 4.38 N of force with 86.08 kPa of vacuum pressure.  Table 4-1 shows all the 

maximum forces categorized by tip size.  The dedicated vacuum pump results in a 

consistent pressure distribution throughout the entire test procedure.   

Test Results  

The test results yielded a series of relationships discussed in this section.  

MATLAB® was used to collect, graph, filter and analyze the data in order to make clear 

and logical associations between the variables.  Several trends are presented that affect 

the pull force and a comparison with available literature results is included. 
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Force and Vacuum Pressure 

Early tests with the hospital vacuum pressure proved to be highly variable 

necessitating the use of a dedicated vacuum pump.  The dedicated vacuum pump for 

Test-3 yielded more than sufficient data to consider the mean vacuum pressure 

constant.  The data in Figure 4-60, 4-61, 4-62 corresponds to tip 1, 2 and 3 respectively.  

Each figure shows a trend indicating an increase in pressure results in an increase in 

pull force.  The mean of each set of constant pressure data, increases as the pressure 

is increased.  Using a dedicated vacuum pump highlights the effects of increased 

pressure.   

The data shows a high degree of variability in the forces generated by the same tip 

at the same pressures.  However, the general trend resulting in larger traction forces is 

evident.   

Force and Surface Area 

Figures 4-60 – 4-62 also show a trend indicating an increase in tip surface area 

results in an increase in traction force.  The surface area is different for each tip and it 

was expected that the larger surface area would provide larger traction forces.  For 

Figures 4-63 – 4-65 the surface area of each tip was multiplied by the vacuum pressure 

and compared to the measured pull force.  This gives a direct view of how the forces 

correspond to the change in surface area. 

Tip 1 had the least surface gripping the intestine.  The extreme variability in the 

data for tip 1 suggests the forces within the intestine overshadow the pull forces.  During 

testing tip 1 provided the smallest average change in force overall with the increase of 

pressure.  Tip 2 resulted in 1 N average higher force than tip 1 however a loss of force 

can be seen at the highest vacuum pressures.  Tip 3 with the  largest surface area 
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delivered more consistent data and demonstrated an average increase of 0.5 N of force 

over tip 2.  The largest gain of force was between tip 1 and tip 2, even though the 

largest forces were seen with tip 3. 

Forces  

In order to predict the amount of force produced (Fpull) by a given surface area 

(SAtip) all three tips were graphed together over the vacuum force (Fvac).  Figure 4-66 

shows the regression fit modeling the relationship between Fpull and Fvac.  The slope 

of which relates the mechanical advantage of the input forces to the output forces.  To 

illustrate, as the slope approaches one, the output force becomes equal to the input 

force.  It is evident there is a linear relationship considering the variability of the data a 

residual value of 3.024 is acceptable.  The linear regression line has the following 

equation. 

 

𝐹𝐹𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝 = 0.2309 ∗ 𝐹𝐹𝑣𝑣𝑔𝑔𝑑𝑑 + .6768 (4-1) 

 

For this data n = 29, the r squared value for the regressed force data is calculated 

below. 

 

𝑟𝑟2 = 1−
(3.024)2

(29 − 1)(0.8195)2 = 0.5137 
(4-2) 

 

This indicates that the linear fit explains 51% of the variation in Fpull.  Equation 4-1 can 

be further simplified since the pressure due to vacuum has been determined safe and 

larger vacuum pressures provide a greater pull force we can assume a large constant 
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pressure will be used to provide traction.  This allows a direct relationship of pull force to 

tip surface area as shown in Equation 4-3 below.   

 

𝐹𝐹𝑝𝑝𝑔𝑔𝑝𝑝𝑝𝑝 = 0.2309 ∗ (𝑃𝑃𝑣𝑣𝑔𝑔𝑑𝑑 ∗ 𝑆𝑆𝐴𝐴𝑇𝑇𝑑𝑑𝑝𝑝) + .6768 (4-3) 

 

Now that we have measured the pull forces and a relationship to predict pull forces 

based on surface area, it would be complete to review the attributes that generate the 

forces.  Observations and photographs such as Figure 4-67, which shows a close up 

view of the tip gripping the intestine, provide a unique insight into the traction 

mechanics.  In order to understand the forces, Figure 4-68 shows a typical diagram of 

the tip gripping the intestine.  The figure illustrates the intestines compliance within the 

tip surface area and vacuum tube.  As the tip is pulled (moved to the right) the tissue 

slides along the surfaces of the tip until the pull force (Fpull) becomes greater than the 

maximum suction force (Fmax).  When Fpull > Fmax the integrity of the seal is lost 

causing slip.  

As the tip slides it should be noted that the edges involved in the tip design must 

play a significant role in force production.  It is possible that these edge effects provide a 

mechanical advantage used to resist slipping on the intestine.  A tip designed to take 

advantage of these effects may provide higher pull forces. 

Figure 4-69 illustrates various forces acting against the tissue.  Forces F1 and F8 

are frictional forces acting along the length of the tube attaching the tip to vacuum.  

Forces F2, F3 and F7 are increased by adding vacuum as a result the elastic tissue 

tightens and provides greater resistance at these locations.  Forces F4 and F6 
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incorporate the vacuum forces and edge effects relating to tip design.  Force F5 is the 

vacuum force acting on a small area of the tissue that has conformed to the inner 

diameter of the tip.  This vacuum force is a product of the pressure and area of the 

suction tube.  
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Table 4-1.  Tip variations in diameter and suction surface area  
Tip # Tip diameter (cm) Tip suction surface area (cm2) 

1 0.795 0.839 

2 0.953 1.161 

3 1.11 1.484 

 

 
Figure 4-1.  Typical test setup  
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Table 4-2.  Maximum force and pressure results categorized by tip size  
Tip 1 
Test # 

Force (N) 
Pressure 
(kPa) 

Tip 2 
Test # 

Force (N) 
Pressure 
(kPa) 

Tip 3 
Test # 

Force (N) 
Pressure 
(kPa) 

1a 1.957 72.85 1b 3.052 74.26 1c 3.942 82.88 

2a 2.619 82.25 2b 3.28 84.72 2c 2.897 81.47 

2a1 0.8562 66.97 2b1 3.175 81.77 2c1 3.241 80.43 

3a1 3.903 85.34 3b1 4.737 85.14 3c1 4.42 85.32 

3a2 2.024 84.98 N/A N/A N/A 3c2 4.014 85.25 

3a3 2.708 67.47 3b3 3.753 67.66 3c3 3.33 67.58 

3a4 1.863 50.94 3b4 2.769 50.48 3c4 3.147 50.67 

4a1 1.662 55.38 4b1 2.335 53.79 4c1 3.241 52.11 

4a2 1.746 71.58 4b2 3.675 70.65 4c2 3.397 71.49 

4a3 2.413 86.31 4b3 3.464 85.98 4c3 4.376 86.08 

4a4 2.335 54.97 4b4 2.435 54.22 4c4 3.241 55.13 

4a5 2.079 69.6 4b5 3.836 69.44 4c5 3.525 70.76 
4a6 2.28 86.41 4b6 2.374 86.12 4c6 3.931 86.36 
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Figure 4-2.  Pull force recorded for AL_Tip1 during test-1a  
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Figure 4-3.  Hospital vacuum pressure recorded for AL_Tip1 during test-1a  
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Figure 4-4.  Pull force recorded for AL_Tip2 during test-1b  
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Figure 4-5.  Hospital vacuum pressure recorded for AL_Tip2 during test-1b  
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Figure 4-6.  Pull force recorded for AL_Tip3 during test-1c  
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Figure 4-7.  Hospital vacuum pressure recorded for AL_Tip3 during test-1c  
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Figure 4-8.  Pull force recorded for AL_Tip1 during test-2a 
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Figure 4-9.  Hospital vacuum pressure recorded for AL_Tip1 during test-2a  
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Figure 4-10.  Pull force recorded for AL_Tip1 during test-2a1 
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Figure 4-11.  Hospital vacuum pressure recorded for AL_Tip1 during test-2a1  
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Figure 4-12.  Pull force recorded for AL_Tip2 during test-2b  
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Figure 4-13.  Hospital vacuum pressure recorded for AL_Tip2 during test-2b  
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Figure 4-14.  Pull force recorded for AL_Tip2 during test-2b1  
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Figure 4-15.  Hospital vacuum pressure recorded for AL_Tip2 during test-2b1  
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Figure 4-16.  Pull force recorded for AL_Tip3 during test-2c  
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Figure 4-17.  Hospital vacuum pressure recorded for AL_Tip3 during test-2c  
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Figure 4-18.  Pull force recorded for AL_Tip3 during test-2c1  
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Figure 4-19.  Hospital vacuum pressure recorded for AL_Tip3 during test-2c1  

 
 

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

90

Linear distance (cm)

V
ac

uu
m

 P
re

ss
ur

e 
(k

P
a)

 

 

Vacuum Pressure



 

121 

 
Figure 4-20.  Pull force recorded for AL_Tip1 during test-3a1  

 
 

0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

 

 

X: 7.926
Y: 3.903

Linear distance (cm)

P
ul

l F
or

ce
 (N

)
Measured Force



 

122 

 
Figure 4-21.  Hospital vacuum pressure recorded for AL_Tip1 during test-3a1  

 
 

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

90

Linear distance (cm)

V
ac

uu
m

 P
re

ss
ur

e 
(k

P
a)

 

 

Vacuum Pressure
   y  mean 85.32



 

123 

 
Figure 4-22.  Pull force recorded for AL_Tip1 during test-3a2  
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Figure 4-23.  Hospital vacuum pressure recorded for AL_Tip1 during test-3a2  
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Figure 4-24.  Pull force recorded for AL_Tip1 during test-3a3  
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Figure 4-25.  Hospital vacuum pressure recorded for AL_Tip1 during test-3a3  
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Figure 4-26.  Pull force recorded for AL_Tip1 during test-3a4  
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Figure 4-27.  Hospital vacuum pressure recorded for AL_Tip1 during test-3a4  
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Figure 4-28.  Pull force recorded for AL_Tip2 during test-3b1  
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Figure 4-29.  Hospital vacuum pressure recorded for AL_Tip2 during test-3b1  
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Figure 4-30.  Pull force recorded for AL_Tip2 during test-3b3  
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Figure 4-31.  Hospital vacuum pressure recorded for AL_Tip2 during test-3b3  
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Figure 4-32.  Pull force recorded for AL_Tip2 during test-3b4  
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Figure 4-33.  Hospital vacuum pressure recorded for AL_Tip2 during test-3b4  
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Figure 4-34.  Pull force recorded for AL_Tip3 during test-3c1  
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Figure 4-35.  Hospital vacuum pressure recorded for AL_Tip3 during test-3c1  
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Figure 4-36.  Pull force recorded for AL_Tip3 during test-3c2  
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Figure 4-37.  Hospital vacuum pressure recorded for AL_Tip3 during test-3c2  
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Figure 4-38.  Pull force recorded for AL_Tip3 during test-3c3  
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Figure 4-39.  Hospital vacuum pressure recorded for AL_Tip3 during test-3c3  
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Figure 4-40.  Pull force recorded for AL_Tip3 during test-3c4  

 
 

0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

 

 

X: 12.82
Y: 3.147

Linear distance (cm)

P
ul

l F
or

ce
 (N

)
Measured Force



 

142 

 
Figure 4-41.  Hospital vacuum pressure recorded for AL_Tip3 during test-3c4  
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Figure 4-42.  Pull force recorded for AL_Tip1 during test-4a1  
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Figure 4-43.  Pull force recorded for AL_Tip1 during test-4a2  
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Figure 4-44.  Pull force recorded for AL_Tip1 during test-4a3  
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Figure 4-45.  Pull force recorded for AL_Tip1 during test-4a4  
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Figure 4-46.  Pull force recorded for AL_Tip1 during test-4a5  
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Figure 4-47.  Pull force recorded for AL_Tip1 during test-4a6  
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Figure 4-48.  Pull force recorded for AL_Tip2 during test-4b1  
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Figure 4-49.  Pull force recorded for AL_Tip2 during test-4b2  
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Figure 4-50.  Pull force recorded for AL_Tip2 during test-4b3  
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Figure 4-51.  Pull force recorded for AL_Tip2 during test-4b4  
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Figure 4-52.  Pull force recorded for AL_Tip2 during test-4b5  
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Figure 4-53.  Pull force recorded for AL_Tip2 during test-4b6  
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Figure 4-54.  Pull force recorded for AL_Tip3 during test-4c1  
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Figure 4-55.  Pull force recorded for AL_Tip3 during test-4c2  
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Figure 4-56.  Pull force recorded for AL_Tip3 during test-4c3 
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Figure 4-57.  Pull force recorded for AL_Tip3 during test-4c4  
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Figure 4-58.  Pull force recorded for AL_Tip3 during test-4c5  
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Figure 4-59.  Pull force recorded for AL_Tip3 during test-4c6  
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Figure 4-60.  AL_Tip1 changes in force due to an increase in vacuum pressure  
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Figure 4-61.  AL_Tip2 changes in force due to an increase in vacuum pressure  
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Figure 4-62.  AL_Tip3 changes in force due to an increase in vacuum pressure  
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Figure 4-63.  AL_Tip1 changes in force due to an increase in vacuum force  
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Figure 4-64.  AL_Tip2 changes in force due to an increase in vacuum force  
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Figure 4-65.  AL_Tip3 changes in force due to an increase in vacuum force  
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Figure 4-66.  Regression fit of pull forces as a function of vacuum force  
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Figure 4-67.  AL_Tip gripping tissue. A) Tip 3, B) Tip 3, C) Tip 2, D) Tip 2  
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Figure 4-68.  A static diagram of intestine suctioned during tip experiment  
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Figure 4-69.  A diagram of proposed intestine forces during suction tip experiment 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

Fueled in part by increases in the aging population, there have been significant 

advances in the medical device industry over the past fifty years.  The increases in the 

senior population is evidenced by the decreases in the growth of the working population 

The workforce grew at a rate of 30% in the 1970s, only 12% in the 1990s and is 

expected to slow to 3% and level off by 2010 [72].  This change in demographics will 

require continuing advances in medical technology and devices. 

This work has laid the foundation for an original suction locomotion method that 

can be used for mobility inside the gastrointestinal tract.  The need for a novel mobility 

method that can be used for testing and eventually treatment in the small intestine has 

been documented.   

The design and implementation of an endoscopic device employing the suction 

locomotion method has been described.  Its effectiveness and safety has been 

documented.  This work can serve to contribute to the diagnosis and treatment of 

gastrointestinal diseases and irregularities while adding to the knowledge base of the 

mechanical aspects of locomotion and design. 

Conclusion 

A unique and realistic method of testing a novel locomotion method was designed 

and implemented.  Several suction tip styles have been tested and resulting forces of up 

to 4.74 N (17 oz f) were recorded at vacuum pressures of 85.14 kPa.  The aluminum tip 

design with a hemispherical cup yielded the highest traction forces and was 

subsequently used for the remainder of this work.  
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Histology tests were performed concluding the tips provide minor damage to the 

intestine.  Additionally visual inspections by medical professionals concur the degree of 

damage caused by this method is less than current endoscopic treatments. 

The fact that these tips show little to no damage on the intestine provides for a 

wide range of design possibilities.  The current method researched for the design of 

robotic endoscopes is the balloon type which has the inherent effects of ischemia [4].  

Locomotion by suction does not have this effect and even localized ischemia was not 

evident during histology tests. 

The data collected provides Equation 4-1 as a guide in the design of suction tips 

for the locomotion device.  Since high pressures of 86 kPa provided by the hospital 

vacuum system have been proven safe, surface area becomes the primary factor in tip 

design.   

This locomotion method has been proven to safely advance within the swine small 

intestine.  It has been tested within a regular hospital setting and provides locomotion 

using standard hospital vacuum pressures.  The data supports these claims such that 

locomotion by suction should be implemented in endoscopic testing and treatment. 

Future Work 

Eventual implementation of the suction locomotion concept in endoscopic 

procedures requires improvement of the current testing process.  Due to the non-

homogeneous nature and elasticity of the intestine, a high definition recording of the 

real-time tests would be useful in explaining the physical phenomena that were 

measured such as the excessively high forces, duration of continuous slip and the 

infrequent counterintuitive effects.  This information would allow the correlation of data 

to the visual effects and could lead to advances of the analysis. 
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In-vivo studies and histology reports will need to be part of any advancement in 

the implementation of suction locomotion concept.  A statistically significant number of 

live histology tests should be performed and their statistical significance recorded.  This 

will allow the assessment of possible damage with longer-term use of the technique and 

the effect of tip design on potential damage to the intestine.  These data will serve to 

give the medical community confidence and aid in the adoption of the method.  The 

suction locomotion method proposed and investigated in this work can be used for other 

operations such as during laparoscopic surgery for placement of organs and within the 

current endoscope to assist in positioning tissue for dissection, or surgery.   

There are aspects of the suction tip design that require further study.  This work 

focused on a few tip designs and the tip providing the largest pull force per surface area 

was selected.  However, an optimized tip design that can provide higher pull forces 

while minimizing the adverse effects of the mucus lining in the intestine on tip operation 

would be highly desirable.  Tip design is the most significant variable impacting the 

adhesion to the intestine.   

 Innovative tip designs need to be integrated into the design and construction of a 

new age of endoscopes that can provide safe access to the entire intestinal tract.  A full 

analysis of these devices and their operation including an optimized scale-up procedure 

will be critical in the development of a working suction locomotion endoscopic device. 
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APPENDIX A 
MECHANICAL DESIGN  

This section is a listing of all the components pertinent to the design of the force 

test station and the Solid Works® design files pertaining to specific components. 

Suction Tips 

ESD Tip: The Endoscopic Suturing Device (ESD) shown in Figure A-1 (A) was 

supplied by Wilson-Cook Medical Inc.  (Winston-Salem, NC).  The ESD was designed 

to suture gastrointestinal tissue.  This tip was chosen for its large surface area, its 

rounded tip that avoids scraping the mucosa (intestinal wall) and its small foot print.   

ABS Tip: Acrylonitrile butadiene styrene (ABS) tips were designed and fabricated 

on a rapid prototype machine, see below (B).  The ABS tips were hemispherical in 

design and the inside diameter varied from 0.76 cm to 1.27 cm (0.30 to 0.50 inches).  

The tips were given three applications of cyanoacrylate to create an air tight seal. 

SS Tip: Stainless steel (SS) tips can be seen below (C).  SS_Tip3, SS_Tip4, 

SS_Tip5 and SS_Tip6, were cut from thin walled tubing with the inside diameter of 0.46 

cm, 0.51 cm, 0.55 cm and 0.61 cm respectively .Several ABS tips were manufactured 

using a rapid prototype machine.   

AL Tip: Aluminum (AL) tips were a cross design between the ESD and ABS tips.  

As seen below (D) the AL tips were designed and fabricated using three diameters, 0 

.794 cm, 0.953 cm and 1.11 cm of ball end mills. 
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Figure A-1.  Suction test tips 

 

Table A-1.  Details of suction test tips  
Tip Diameter of Suction Area (cm), General Information 

ESD Flexible Endoscopic Suturing Device supplied by Wilson-Cook 

Medical Inc. (Winston-Salem, NC). 

ABS_Tip1 Ø 1.27 ID 

ABS_Tip2 Ø 0.762 ID 

SS_Tip3 Ø 0.607 ID, Metal Gauge 3, McMaster#89935k212 

SS_Tip4 Ø 0.554 ID, Metal Gauge 4, McMaster#89935k213 

SS_Tip5 Ø 0.505 ID, Metal Gauge 5, McMaster#89935k611 

SS_Tip6 Ø 0.465 ID, Metal Gauge 6, McMaster#89935k612 

AL_Tip1 Ø 0.795 ID, Machined with 5/16” Ball End Mill 

AL_Tip2 Ø 0.953 ID, Machined with 3/8” Ball End Mill 

AL_Tip3 Ø 1.11 ID, Machined with 7/16” Ball End Mill 
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Figure A-2.  Engineering drawing of AL_Tip1-3  
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Force Test Station 

To provide a means of replicating or modifying the force test station the author 

includes the design files used for its construction  

Slide Components 

 
Figure A-3.  SSR 15XVMY linear slide specifications sheet, page 1 of 2  
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Figure A-4.  SSR 15XVMY linear slide specifications sheet, page 2 of 2  
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Base and Support Bracket 

 
Figure A-5.  FTS base plate  
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Figure A-6.  FTS angle stepper motor mount  
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Figure A-7.  FTS angle dillon force gauge mount  
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Rack for Pinion 

 
Figure A-8.  Brass rack with 24 teeth per inch  
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Tissue Stand 

 
Figure A-9.  Tissue stand base plate design  
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Figure A-10.  Tissue stand spacer 
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Figure A-11.  Tissue stand top plate design  
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Dillon Digital Force Gauge GS 10 Certification  

 
Figure A-12.  Certification for the dillon force scale  
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Force Test Station 3D CAD Drawing 

 
Figure A-13.  FTS 3D model  
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APPENDIX B 
PROGRAM ARCHITECTURE  

This appendix contains the latest code used during the final testing for the control 

and data acquisition of the force test station.  

Basic Stamp II 

The Basic Stamp II was used to interface the analog to digital converter and 

process the data before sending it to MATLAB®.  In addition this microcontroller 

controlled the motor driver circuit board which actuated the stepper motor.  Find the 

latest code used on the Basic Stamp II for the primitive driver control with file name 

ForceTest_C.bs2 below.  

' ForceTest_c.bs2         Last modified on 9/5/2009 
' Integration of all the components to perform the force test needed for dissertation 
' Components include: Serial communication with PC, Stepper motor control, reading of 
A/D converter for string pot and future pressure sensor 
' {$STAMP BS2} 
' {$PBASIC 2.5} 
 
'     Max186  BS2 
'pin  15      8 
'Pin  17      9 
'Pin  18      10 
'Pin  19      11 
 
'Sizes and value ranges for each variable type 
'Bit 1 Bit 0 TO 1 
'Nib 4 bits 0 TO 15 
'Byte 8 bits 0 TO 255 
'Word 16 bits 0 TO 65535 
 
'--------------Variables---------------------------------------- 
Channel  VAR  Nib   'set channel to 0 for if you’re using CH0, 1 if you’re using Ch1 and 
so on. 
Chsel    VAR  Byte  'channel select, based on channel this prepares the binary control-
byte for MAX186 
ADCin    VAR  Word  'ADC reading 
i        VAR  Word  'counter 
POT      VAR  Word  'POT holds the ADCin corrected value for potentiometer 
VAC      VAR  Word  'VAC holds the ADCin corrected value for vacuum pressure 
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AvgNum   VAR  Word  ' number used for averaging ADCin 
MaxPot   VAR Word   ' used to store max potentiometer value from MATLAB 
MinPot   VAR Word   ' used to store min potentiometer value from MATLAB 
CHOICE   VAR Nib   ' used to store keyboard command 
INDEX    VAR Nib   ' used to index keyboard command 
 
'----------------Constants------------------------------------- 
enable    CON  3   'HIGH=ENABLE, LOW=DISABLE   stepper driver 
stepSize  CON  6   'half/full    HIGH=HALF STEP, LOW=FULL STEP 
reset     CON  7   'reset        HIGH=NO RESET, LOW=RESET INITIAL STATE 1 
(ABCD=0101) 
serDin    CON  8   'serial data in p10 
serDo     CON  9   'serial data out p9 
cs        CON  10  'enable or disable A to D converter  p8 
serclk    CON  11  'serial Clock p11 
Baudrate  CON  84 'Baudrate conversion for BS2 84=9600, 188=4800, 396=2400 
 
 'Serial out example 
     'SEROUT 16, 84, 10, ["Enter", CR, "1 = HOME", CR, "2 = PULL", CR, "3 = STOP", 
CR, "4 = RUN", CR, 10] 
MAIN: 
 
 
MINSTOP: 
  SERIN 16, Baudrate, 100, MINSTOP, [DEC MinPot]    ' 16 is default serial connection 
for BS2, baudrate, 100 is timeout, MINStop is where to go after timeout 
   'SEROUT 16,Baudrate, [DEC MinPot, CR] 
 
MAXSTOP: 
  SERIN 16, Baudrate, 100, MAXSTOP, [DEC MaxPot] 
    'SEROUT 16,Baudrate, [DEC MaxPot, CR] 
 
AVERAGE: 
  SERIN 16, Baudrate, 100, AVERAGE, [DEC AvgNum] 
    'SEROUT 16,Baudrate, [DEC MaxPot, CR] 
 
'setup stepper motor driver 
  HIGH enable      'EN   HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
  HIGH stepSize    'half/full    HIGH=HALF STEP, LOW=FULL STEP 
  HIGH reset       'reset        HIGH=NO RESET, LOW=RESET INITIAL STATE 1 
(ABCD=0101) 
 
TOP: 
     SERIN 16, Baudrate, 100, TOP, [DEC CHOICE] 
     'DEBUG DEC ? CHOICE, CR 
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     LOOKDOWN CHOICE, = [ 1, 2, 3, 4], INDEX   'put location of choice into index 0 1 2 
3 
     'DEBUG DEC ? INDEX 
     BRANCH INDEX, [PL_1, PL_2, PL_3, PL_4] 
 
PL_1: 
     'SEROUT 16,Baudrate, [DEC 111, CR] 
     GOSUB HomePos 
     SEROUT 16,Baudrate, [DEC POT, CR] 
     GOTO TOP 
 
PL_2: 
     'SEROUT 16,Baudrate, [DEC 222, CR] 
     GOSUB Pull 
     SEROUT 16, Baudrate, [DEC POT," , ", DEC VAC, CR] 
     GOTO TOP 
 
PL_3: 
      'SEROUT 16,Baudrate, [DEC 333, CR] 
      LOW 3     'Disable stepper driver    HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
     GOTO MAIN 
 
PL_4: 
     'SEROUT 16,Baudrate, [DEC 444, CR] 
     GOTO MAIN 
 
GOTO main 
  LOW 3     'Disable stepper driver    HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
  STOP      ' when done, stop execution, must be used with gosubs else would execute 
indefinitely 
 
  '****** Subroutines ****** 
Pull:     ' CCW  retract motor 
 HIGH enable      'EN   HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
GOSUB chkPotADC 
GOSUB chkVacADC 
  IF POT = MaxPot THEN RETURN 
    IF POT > MaxPot THEN CW 
      GOSUB CCW 
      'SEROUT 16, 84, [DEC ? POT, ",", DEC ? VAC, CR] 
  RETURN 
STOP 
 
Run:     ' CCW  retract motor until end reached 
 HIGH enable      'EN   HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
GOSUB chkPotADC 
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  IF POT = MaxPot THEN RETURN 
    IF POT > MaxPot THEN CW 
      GOSUB CCW 
  GOTO Run 
STOP 
 
 
HomePos: 
 HIGH enable      'EN   HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
  GOSUB chkPotADC 
  IF POT = MinPot THEN  RETURN 
    IF POT < MinPot THEN CCW 
      GOSUB CW 
  GOTO HomePos 
 STOP 
 
chkPotADC: 
'AvgNum = 5          'input from MATLAB in beginning of code 
POT=0 
FOR i= 1 TO AvgNum 
  LOW  cs        'enable   A/D 
  channel =0 'set Channel = x, x being a number between 0 to 7 depending on the 
channel you are using 
  LOOKUP channel, [142,206,158,222,174,238,190,254],chsel 'tell Adc what channel 
  SHIFTOUT serDo, serclk, MSBFIRST,[chsel]  'send the channel data 
  SHIFTIN serDin, serclk, MSBPOST ,[ADCin\12]   'the reading in BS2 format 
  'DEBUG DEC ? ADCin, DEC ? pot, CR 
  POT =POT+ADCin 
  HIGH cs              'disable 
NEXT 
POT = POT/AvgNum 
RETURN 
 
 
chkVacADC: 
AvgNum = 5           'input from MATLAB in beginning of code 
VAC=0 
FOR i= 1 TO AvgNum 
  LOW  cs        'enable   A/D 
  channel =1 'set Channel = x, x being a number between 0 to 7 depending on the 
channel you are using 
  LOOKUP channel, [142,206,158,222,174,238,190,254],chsel 'tell Adc what channel 
  SHIFTOUT serDo, serclk, MSBFIRST,[chsel]  'send the channel data 
  SHIFTIN serDin, serclk, MSBPOST ,[ADCin\12]   'the reading in BS2 format 
  'DEBUG DEC ? ADCin, DEC ? pot, CR 
  VAC =VAC+ADCin 
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  HIGH cs              'disable 
NEXT 
VAC = VAC/AvgNum 
RETURN 
 
 
Prnt: 
  'DEBUG "Pot =",  DEC POT, CR 
  'SEROUT 16, 84, [DEC ? POT, ",", DEC ? VAC, CR] 
  'PAUSE 500 
RETURN 
 
 
CCW:     ' CCW  reverse meaning larger pot reading, towards the end state 
 HIGH enable      'EN   HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
  LOW 4      'Direction     HIGH=CW, LOW=CCW 
  'PWM line  THIS IS ONLY A TRIGGER FOR THE STEP CONTROLLER 
   PULSOUT 5, 10       ' 100= 200 us pulse ~100=.2 ms pulse 
    ' PULSOUT 5, 10       ' 100= 200 us pulse ~100=.2 ms pulse 
RETURN 
 
CW:         ' CW forward meaning smaller pot reading towards the start position 
 HIGH enable      'EN   HIGH=ENABLE, LOW=DISABLE (ABCD=0000) 
  HIGH 4      'Direction     HIGH=CW, LOW=CCW 
  'PWM line  THIS IS ONLY A TRIGGER FOR THE STEP CONTROLLER 
   PULSOUT 5, 10       ' 100= 200 us pulse ~100=.2 ms pulse 
   ' PULSOUT 5, 10       ' 100= 200 us pulse ~100=.2 ms pulse 
RETURN 
 
END 

MATLAB® Program 

MATLAB® was used as the high level control and signaled the run command to the 

Basic Stamp II as well as read data directly from the Dillon force scale. Find the latest 

code used with file name ForceTest_3.m below.  

%% ForceTest_3.m   
    %LAST MODIFIED 9/22/2009 
    %file for reading from serial port and writing to text file 
    %designed to run with the basic stamp 2, file ForceTest_c.bs2  
%NOTES: cannot use dashes (underscore ok) in name, or file will not run,  
 %**RS-232 command and action for Dillon GS 
   %'m' = change measure mode 
   %'u' = Change measure unit 
   %'z' = Zero gauge (Live value to zero) 
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   %'r' = Reset gauge (Peak values to zero) 
   %'l' = Send live reading (lower case L) 
   %'p' = Send peak tension 
   %'c' = Send peak compression 
   %'x' = Send reading on display 
   %'!' = Send gauge information 
  
%**RS-232 command and action for bs2 
    % 1=HOME 
    % 2=PULL 
    % 3=DISABLE MOTOR DRIVER AND MAIN 
    % 4=MAIN 
     
instrreset;         % reset any open ports 
close all; 
clear    %clear workspace  
  
%% Setting up serial port communication 
  
s = serial('COM13','BaudRate',38400); %define serial for Dillon scale 
A=set(s);   %gives all possible properties to set  
    set(s,'DataBits',8,'Parity','none','StopBits',1); %set serial parameters (not needed with 
this) 
fopen(s);   %open serial port s 
  
s1 = serial('COM1','BaudRate',9600); %define serial for BS2 
s1.terminator='CR';  %don't think I need this LF and CR both seem to work 
B=set(s1);   %gives all possible properties to set  
    set(s1,'DataBits',8,'Parity','none','StopBits',1); %set serial parameters (not needed 
with this) 
fopen(s1);   %open serial port s1 
  
%% Put test setup in start position 
  
% Send BS2 stop limits and Average number 
fprintf(s1, '%d\n', 300); % Send # as minimum potentiometer value 
[MinPot,count1,msg1] = fscanf(s1,'%d\n'); %Receive instruction/data  
  
fprintf(s1, '%d\n', 1300); % Sending # as Max Potentiometer value 
[MaxPot,count2,msg2] = fscanf(s1,'%d\n'); %Receive instruction/data 
% Sending # to use for averaging A/D data 
fprintf(s1, '%d\n', 10); % Sending # to use for averaging A/D data 
[AvgNum,count3,msg3] = fscanf(s1,'%d\n'); %Receive instruction/data 
  
% Start Loop 
%Send command to home the system 
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fprintf(s1, '%d\n', 1); % 
[PL_1,count4,msg4] = fscanf(s1,'%d\n'); %Receive instruction/data 
  
[HPot,count5,msg5] = fscanf(s1,'%d\n'); %Receive instruction/data 
  
%wait until BS2 responds or time out 
timer=0; 
while ((count5==0)) 
[HPot,count5,msg5] = fscanf(s1,'%d\n'); %Receive instruction/data 
timer=timer+1; 
if timer==10 
    timer 
    return 
end 
end 
  
 HPot 
if ((HPot < 298) || (HPot > 301)) 
    HPot 
    return 
end 
%% open file and prepare plot 
  
%uiputfile used to ask user for filename to save data 
[filename, pathname] = uiputfile('ForceTest_#.txt', 'Save file as'); 
    if isequal(filename,0) || isequal(pathname,0) 
       disp('User pressed cancel') 
    else 
       disp(['User selected ', fullfile(pathname, filename)]) 
    end 
fid=fopen(filename,'wt');   %used to be> fid=fopen('ForceTest9b.txt','wt'); 
  
%% Initialize Dillon GS force scale 
  
fprintf(s,'r');  %Reset gauge (Peak values to zero) 
pause(1);       % pause(n), pause for n seconds clock can do ~.01 sec  
fprintf(s,'z');  %zero gauge  (Live value to zero) 
pause(1);       % pause(n), pause for n seconds clock can do ~.01 sec     
  
%% gather the data 
  
tic;    %look at clock 
np=1200;    % 1200 gives sufficient data and allows full run with half step 
for i=1:np 
 %send instruction/data to serial s (scale) & s1 (BS2) 
    fprintf(s1, '%d\n', 2); % start pulling motion 
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     %send instruction/data to serial s 
    fprintf(s,'l');  %Send live reading command 
    LiveReading = fscanf(s); %Receive instruction/data 
    [PL_2,count4,msg4] = fscanf(s1,'%d\n'); %Receive instruction/data      
    [BS2Data,count66,msg66] = fscanf(s1,'%s\n'); %Receive instruction/data 
  
% print reading to file (fid =file identifier)    
    fprintf(fid,'%d %s %s %s %s\n', i,',',BS2Data,',',LiveReading);  
end 
averageTime = toc;   %subtract time from tic and print 
fprintf(fid,'%s\n','averageTime',averageTime); 
%% graph data 
  
[Count,Pot,Vac,Scale] = textread(filename,'%d %d %d %s ',np,'delimiter', ','); 
for S=Scale 
    % Format: "T: - #.## ozf" 
    [token, remain] = strtok(S, ' '); % skip the T/C and colon 
    [sign, remain] = strtok(remain, ' '); % value sign +/- 
    forceString = strtok(remain, ' '); %this grabs the number  
    force = str2double(forceString); % converts the cell item to a double 
    if strcmp(sign, '-')    %compare the sign 
         force=-force;   %if sign is negative make force negative value 
     end 
end 
  
% V=-.010922*Vac+6.8593; 
% P=0.010627*Pot-3.1881; 
% C=Count*0.00786;    %inches per half step 
h11 = figure(11);                  
    set(h11, 'position', [10 10 1600 950]) %set print screen position 
        %for 4" H X 7.5" w use [100 100 710 380] 
    subplot(2,1,1)  %Force 
        plot(Count,force,'k-') %plot data matrix column 1, vs column2 
            %plot(data(:,1),data(:,2),'b*') %plot data matrix column 1, vs column2 
        legend('Measured Force')    
        %title('Linear Relationship of Force Vs Pressure') 
        xlabel('Steppermotor (half step)') 
        ylabel('Pull Force (ozf)') 
        grid on 
        axis([0 np 0 25])   %set fixed axis, if you want 
    subplot(2,1,2)  %Vacuum pressure 
        plot(Count,-.010922*Vac+6.8593,'b-') %plot data matrix column 1, vs column2 
            %plot(data(:,1),data(:,2),'b*') %plot data matrix column 1, vs column2 
        legend('Vacuum Pressure')    
        %title('Linear Relationship of Force Vs Pressure') 
        xlabel('Steppermotor (half step)') 
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        ylabel('Vacuum Pressure (inHg)') 
        grid on 
        axis([0 np -30 0])   %set fixed axis, if you want 
  
  
%% finishing operations 
  %disable motor, print mas tension, close files, close and clear serial ports 
  
fprintf(s1, '%d\n', 3 );    %disable motor driver 
[disableMD,count6,msg6] = fscanf(s1,'%d\n'); %Receive instruction/data 
  
%get and send peak tension from scale 
fprintf(s,'p')  %Send peak tension command 
    PeakTension = fscanf(s); %Receive instruction/data 
    fprintf(fid,'%s\n','PeakTension', PeakTension); 
fclose(fid);    %close fid file 
  
%close and reset ports 
fclose(s)   %CLOSE  serial set to s 
fclose(s1)  %CLOSE  serial set to s1 
instrreset; % Disconnect and delete all instrument objects. 
%clear    %clear variables from workspace 
% END OF FILE 
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APPENDIX C 
RECORD OF EXPERIMENTS 

The following data sheets are the researcher’s records during swine testing.  

Records are divided into two groups preliminary test data and complete test data.  

Preliminary tests were designed to analyze different tip designs and different test setups 

in order to provide the specifications needed for the final test arrangement.  Preliminary 

tests were performed utilizing hospital vacuum, hand held digital force measurement 

device and customized suction tips.  Complete tests were those performed with the 

force test station (FTS) and data recorded real-time.  Data from the complete tests was 

used in the results and conclusions of this dissertation. 

All animal testing was completed on swine small intestine and performed following 

IACUC regulations.  The Institutional Animal Care and Use Committee (IACUC) is a 

self-regulating entity that, according to U.S.  federal law, must be established by 

institutions that use laboratory animals for research or instructional purposes to oversee 

and evaluate all aspects of the institution's animal care and use program.  
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Preliminary Tests 

Test 1 

Table B-1.  Details recorded for Test-1  
Swine Weight 34.0 Kg 

Tip Used ABS_Tip1 

Vacuum Pressure 74.5 kPa 

Max Force < 0.278 N 

Notes Tip seemed to suction well as intestine 

molded to the tip. However, force was less 

than 0.278 N. The researchers believe the 

tip vacuum channel size played a role in 

the performance. When the vacuum 

channel in to small mucus easily clogs the 

channel reducing the vacuum effect. 
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Test 2 

Table B-2.  Details recorded for Test-2  
Swine Weight 29.5 Kg 

Tip Used ESD 

Vacuum Pressure 64.3 kPa 

Max Force 1.95 N 

Notes Vacuum channel was clogged and needed 

to be cleaned. 

 

Test 3 

Table B-3.  Details recorded for Test-3  
Swine Weight 29.9 Kg 

Tip Used ESD 

Vacuum Pressure 61.0 kPa, 71.1 kPa, 74.5 kPa, 

Max Force 1.39 N, 2.22 N, 2.22 N 

Notes Intestine telescoped well. 

 

Test 4 

Table B-4.  Details recorded for Test-4  
Swine Weight 38.6 Kg 

Tip Used ESD 

Vacuum Pressure 81.3 kPa, 77.9 kPa, 84.7 kPa, 

Max Force 2.78 N, 2.50 N, 3.61 N, 

Notes Needed to rinse out the tip before each test 

due to the buildup of mucus. 
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Test 5 

Table B-5.  Details recorded for Test-5  
Swine Weight 38.1 Kg 

Euthanized time 0830 

Test start time 1300 

Tip Used ESD 

Vacuum Pressure 77.9 kPa, 61.0 kPa, 71.1 kPa, 

Max Force 3.34 N, 1.67 N, 2.22 N, 

Notes Needed to rinse out the tip before each 

test due to the buildup of mucus. 

 

Test 6 

Table B-6.  Details recorded for Test-6  
Swine Weight 36.7 Kg 

Sex Male 

Euthanized time 1230 

Test start time 1730 

Tip Used ESD 

Vacuum Pressure 71.1 kPa, 81.3 kPa, 84.7 kPa, 

Max Force 1.95 N, 1.95 N, 3.61 N, 

Notes 2nd test, channel was not cleaned. 
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Test 7 

Table B-7.  Details recorded for Test-7  
Swine Weight 28.1 Kg 

Sex Male 

Euthanized time 1315 

Test start time 1600 

Tip Used SS_Tip3, SS_Tip4, SS_Tip5, SS_Tip6, 

Vacuum Pressure 71.1 kPa, 71.1 kPa, 77.9 kPa, 81.3 kPa, 

Max Force 1.67 N, 1.67 N, 1.95 N, 1.67 N, 

Notes These tips seem to collect more mucus 

due to the open end design 

 

Test 8 

Table B-8.  Details recorded for Test-8  
Swine Weight 29 Kg 

Sex Male 

Barometric pressure /Time 102.0 kPa/1222 

Euthanized time 1223 

Test start time 1530 

Tip Used ESD, ESD, SS_Tip3, SS_Tip6, 

Vacuum Pressure 83.0 kPa, 71.1 kPa, 83.0 kPa, 74.5 kPa, 

Max Force 2.22 N, 1.67 N, 1.95 N, 1.11 N, 

Notes 1st histology test done. 8a-e, e was control 
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Test 9 

Table B-9.  Details recorded for Test-9  
Swine Weight 37.7 Kg 

Sex Female 

Euthanized time 1210 

Test start time 1256 

Tip Used AL_Tip1, AL_Tip2, AL_Tip3 

Vacuum Pressure 88.0 kPa, 88.0 kPa, 88.0 kPa 

Max Force 2.03 N, 3.20 N, 4.56 N 

Notes Used new Dillon Digital Scale by hand, 

integrated with MATLAB®. Slip was 

increasingly noticeable with increasing tip 

size  
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Test 10 

Table B-10.  Details recorded for Test-10  
Swine Weight 51.3 Kg 

Sex Female 

Barometric Pressure /Time 101.7 kPa/1257 

Euthanized Time 1109 

Test Start Time 1435 

Tip Used AL_Tip2, AL_Tip2, AL_Tip3, AL_Tip3 

Vacuum Pressure 74.5 kPa, 81.3 kPa, 74.5 kPa, 67.7 kPa 

Max Force 4.06 N, 4.41 N, 4.32 N, 3.65 N 

Files Used ForceTest10.m, ForceTest_b.bs2 

Notes Tip1, pressure was not recorded. Vacuum 

pressure varies throughout test. Pressure 

starts at ~74.5 and by end of test can be at 

81.3, or 61.0 kPa. Need to integrate Real 

time pressure recording for next test 
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Test 1L 

Table B-11.  Details recorded for Test-1L  
Swine Weight 48.0 Kg 

Sex Female 

Euthanized time Live test, euthanized 30 min. after testing 

Test start time 0920 

Tip Used ESD, ESD, SS_Tip3, SS_Tip6, 

Vacuum Pressure 81.3 kPa, 74.5 kPa, 81.3 kPa, 67.7 kPa 

Max Force 1.67 N, 1.11 N, 1.25 N, 0.97 N 

Notes Swine did not fast. Live study sent to 

histology 1La-e, e was control 
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Complete Tests 

The records below reflect the tests performed utilizing a complete test setup 

“complete testing”.  Complete testing means the following parameters were recorded in 

real time: Force, Pressure, Stepper motor count and Linear distance with potentiometer.  

All complete tests were recorded within MATLAB® and have unique associated file 

names “ForceTest_(Test#)(letter,number).m”.  For example test 11 would have files 

named ForceTest11a.m, ForceTest11b.m and or ForceTest11a1.m, ForceTest11b1.m 

and so on.  A listing of all files used and all files created are listed in each lab report 

below. 
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Force Test 1 

Table B-12.  Details recorded for Force Test-1  
Swine Weight (N) 47.2 Kg 

Sex Female 

Barometric Pressure  N/A 

Euthanized Time 1400 

Test Start Time 1641 

Tip Used AL_Tip1, AL_Tip2, AL_Tip3 

Vacuum Pressure (kPa) 72.33 kPa, 73.86 kPa, 82.90 kPa 

Max Force (N) 1.96 N, 3.05 N, 3.94 N 

Files Used ForceTest_11.m, ForceTest_c.bs2 

Files Created ForceTest_11a.m, 11b, 11c 

Notes 1st time using full setup. Recording real time 

Force, Pressure, Stepper motor count and 

Linear distance with potentiometer. Swine did 

not fast, fecal matter emptied from intestine 

by gravity. 
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Force Test 2 

Table B-13.  Details recorded for Force Test-2  
Swine Weight 37.2 Kg 

Sex Female 

Barometric pressure (kPa)/Time 101.6 kPa/1123 

Euthanized time 1126 

Test start time 1315 

Lab Temperature (C)/ Time (EST) 20.3 C/1318, 20.4 C/1402 

Tip Used AL_Tip1,  

AL_Tip2,  

AL_Tip3,  

Vacuum Pressure (kPa) 82.26 kPa, 67.15 kPa,  

84.73 kPa, 82.09 kPa,  

81.50 kPa, 80.50 kPa 

Max Force (N) 2.62 N, 0.86 N,  

3.28 N, 3.17 N,  

2.90 N, 3.24 N 

Files Used ForceTest_12.m, ForceTest_c.bs2 

Files Created ForceTest_12a.m, 12a1, 12b, 12b1, 12c, 

12c1 

Notes  Vacuum pressure varies throughout test. Try 

dedicated vacuum pump next time. 



 

208 

Force Test 3 

Table B-14.  Details recorded for Force Test-3  
Swine Weight 42 Kg 

Sex Female 

Barometric pressure (kPa)/Time 101.39 kPa/1245 

Euthanized time 1100 

Test start time 1350 

Lab Temperature (C)/ Time (EST) 20.33 C/1350, 20.50 C/1510 

Tip Used AL_Tip1,  

AL_Tip2  

AL_Tip3,  

Vacuum Pressure (kPa) 85.61 kPa, 85.47 kPa, 67.22 kPa, 50.96 kPa, 

85.07 kPa, 67.32 kPa, 50.66 kPa,  

85.67 kPa, 84.90 kPa, 68.61 kPa, 50.96 kPa 

Max Force (N) 4.00 N, 2.02 N, 2.71 N, 1.86 N,  

4.74 N, 3.75 N, 2.77 N,  

4.42 N, 4.01 N, 3.33 N, 3.15 N 

Files Used ForceTest_13.m, ForceTest_c.bs2 

Files Created ForceTest_13a1.m, 13a2, 13a3, 13a4, 13b1, 

13b2, 13b3, 13b4, 13c1, 13c2, 13c3,m 13c4 

Notes  Used dedicated Vacuum pump (borrowed from 

Mike Griffis). Test 13b2 recorded compression 

data instead of tension, battery was low and 

might have caused problem. 
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Force Test 4 

Table B-15.  Details recorded for Force Test-4  
Swine Weight 39 Kg 

Sex Female 

Barometric pressure (kPa)/Time 102.30 kPa/1323 

Euthanized time 1520 

Test start time 1600 

Lab Temperature (C)/ Time (EST) 21.28 C/1627, 21.83 C/1720, 21.94 C/1757 

Tip Used AL_Tip1  

AL_Tip2  

AL_Tip3  

Vacuum Pressure (kPa) 55.38, 71.58, 86.31, 54.97, 69.6, 86.41 kPa  

70.65, 85.98, 54.22, 69.44, 86.12 kPa  

52.11, 71.49, 86.08, 55.13, 70.76, 86.36 kPa  

Max Force (N) 1.66, 1.75, 2.41, 2.34, 2.08, 2.28 N  

3.68, 3.47, 2.44, 3.84, 2.37 N  

3.24, 3.40, 4.38, 3.24, 3.53, 3.93 N  

Files Used ForceTest_4.m, ForceTest_c.bs2 

Files Created ForceTest_4a1.m, 4a2, 4a3, 4a4, 4a5, 4a6, 4b1, 

4b2, 4b3, 4b4, 4b5, 4b6, 4c1, 4c2, 4c3, 4c4, 4c5, 

4c6 

Notes  Used dedicated Vacuum pump. Very little mucus 

found lining intestine. 
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