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ABSTRACT 

 

Deep Vein Thrombosis, a potentially fatal event, occurs when a blood clot forms 

within the deep veins of the body.  This most frequently manifests in the lower 

extremities.  The goal of this research was to build an inexpensive device that could apply 

therapeutic compressive pressure to the lower leg to aid in the prevention of deep vein 

thrombosis using only mechanical input from the user.  Several different prototypes were 

designed and built with varying degrees of success.  Characterization of the final 

prototype required calibration of pressure and force measurement sensors.  Additionally, 

a mathematical model was developed in order to predict how changes in the design of the 

device, as well as differing sizes and shapes of lower legs, would impact the amount of 

applied pressure.  The predictions of this mathematical model were found to be 

substantially larger when compared against empirical data.  However, there is evidence to 

indicate that the final prototype could be minimally altered to apply ample therapeutic 

pressure.   
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CHAPTER 1 

INTRODUCTION 

 

Blood plays a vital role within numerous bodily functions.  From conveying 

needed nutrients and oxygen to working cells, to removing waste by-products and carbon 

dioxide, blood is the freight transport system of the body.  Even at rest, the entire blood 

volume (between 4 and 6 liters) completes approximately one circulation cycle every 

minute [1].  As it is essential for so many different physiological processes, maintaining 

blood flow and blood volume are critically important for preserving homeostasis.   

Although the body can withstand a sizable amount of blood loss, losing 40% or 

more of one’s blood volume can be fatal [1].  To prevent a minor cut from become life-

threatening, the body has evolved a process where liquid blood transforms into a solid 

clot which can seal off and heal most breaks in the continuity of the vasculature.     

 

1.1. Different Types of Blood Clots 

There are three different types of blood clots: external clots, internal stationary 

clots (thrombi), and internal clots that flow freely within the blood stream (emboli).  

External clots are the most common type of clot experienced in everyday life.  If there is 

a small break in the skin that results in bleeding, an external clot will likely form sealing 

off the wound and preventing additional blood loss [Figure 1] [2]. 
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Figure 1 – External Clot Formation [2] 

 

A thrombus is a blood clot that forms within a blood vessel which can partially 

occlude, or completely block, the flow of blood through it [Figure 2] [3].   
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Figure 2 – Thrombus Formation [4] 

 

 Occasionally, a thrombus becomes dislodged from its site of formation. This is 

known as an embolus. 

 

1.2. Thrombosis Formation 

Thrombus formation has been found to be more prevalent under the conditions 

known as Virchow’s Triad: vessel wall injury, hypercoagulability, and stasis of flow.  

Certain factors within these three overarching categories may put an individual at a 

higher risk for thrombus formation [5]. Trauma or surgery will often involve a great deal 

of vessel wall injury.  Certain chemotherapies can also cause degradation of the 

endothelial lining of blood vessels [6].  Hypercoagulability, or an unusually high 
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tendency for the blood to clot, can be caused by certain genetic conditions, smoking, 

severe dehydration, pregnancy, and some hormone therapies [6]. 

The growth of a tumor within the body can cause excessive pressure to be applied 

to the surrounding vasculature which can become partially or completely occluded thus 

slowing or stopping the local flow of blood [7].  Stasis of flow can also occur during long 

periods of sedentary activity [6].  By the time the blood makes its way through the 

capillaries and into the venous system, there is very little pressure remaining to drive it 

forward.  In the lower extremities, this is a noteworthy problem as the blood there usually 

has to work against gravity to make its way back up to the heart.  The veins in the legs 

have adapted to this by developing one-way valves which prevent blood from flowing 

back down towards the feet.  Additionally, these valves work in conjunction with the leg 

muscles to encourage blood flow.  During normal ambulation, the leg muscles compress 

the deep leg veins (those that are furthest from the leg surface).  This compression causes 

the distal valve to close and the proximal valve to open.  With only one way to go, the 

blood is squeezed up the leg and back towards the heart [Figure 3] [8].  This action of 

muscle squeezing and valves opening and closing is very similar to the mechanics of the 

heart.  In a way, your legs act as an auxiliary heart that’s powered by walking.   
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Figure 3 – Venous Valves and the Skeletal Muscle Pumps [8] 

 

However, under sedentary circumstance such as extended bed rest and long-

distance travel, these leg muscles see little use.  Blood flow can slow to levels where 

thrombus formation may occur.  This is most prevalent in the deep veins of the lower 

legs, and is referred to as deep vein thrombosis (DVT) [6].  

 

1.3. Mortality and Morbidity of DVT 

If a thrombus becomes dislodged from its site of formation and begins to travel 

within the blood stream, it is referred to as an embolus.  If an embolus originates from a 
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DVT, it may travel freely within the blood stream towards the heart.  Since the diameter 

of the blood vessels increases in this direction, there is little to inhibit this movement.  

The embolus can travel further through the left chambers of the heart until it reaches the 

pulmonary arteries.  At this point, the diameter of the blood vessels decreases drastically.  

If the embolus is large enough, it can become lodged here and block blood flow to a 

significant portion of the pulmonary arteries, known as a pulmonary embolism (PE).  

This condition can cause, local infarction of lung tissue, pulmonary hypertension, and 

shock.  And, since all of the blood in circulation needs to pass through the lungs, 

blockage there effects the supply of blood to everywhere else in the body.  A PE can 

cause such a catastrophic disruption to the circulatory system, in the most extreme cases, 

it can result in sudden death [3], [9]. 

Even if a patient survives having a DVT/PE, they can expect to experience 

continuing complications.  Reoccurrence of DVT/PE will happen in more than 20% of 

patients, and 30-50% will develop postthrombotic syndrome which can include 

debilitating pain, swelling, and ulcers in the lower extremities even after their DVT has 

been successfully treated.  Furthermore, it is estimated that 4% of patients with DVT/PE 

experience chronic thromboembolic pulmonary hypertension which carries a great degree 

of morbidity and mortality in addition to those associated with DVT/PE alone [10].  

Therefore, preventing the onset of DVT before it happens is of the utmost importance for 

patients who are at a higher risk.   
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1.4. Prevalence and Trends of DVT/PE 

In 2008, it was estimated that 350,000 - 600,000 cases of DVT/PE occur each 

year in the United States.  Additionally, more than 100,000 death per year in the US are 

estimated to be directly or indirectly related to DVT/PE [11].  A study in 2011 predicted 

that the incidence of DVT/PE in the US will double between 2006 and 2050.  The most 

notable cause of this drastic increase is the aging of the US population.  There is a strong 

correlation between increasing age and DVT most likely due to the adoption of a more 

sedentary lifestyle as well as compounding medical conditions.  So, as the population 

grows older, the incidence of DVT/PE is expected to rise as well [12].  

 

1.5. Current Therapies for Prevention of DVT 

Therapies currently used for the prevention of DVT fall into four basic categories: 

inpatient pneumatic compression, outpatient pneumatic compression, passive 

compression, and chemoprophylaxis.  Inpatient pneumatic compression systems [Figure 

4] consist of a control unit that supplies pressurized air to stockings worn on the lower 

extremities.  These stockings have bladders inside them that inflate which applies 

compressive pressure to the legs similar to the compression applied by the leg muscles 

during ambulation.  The pressure encourages venous blood flow and aids in the 

prevention of blood pooling.  These systems require a connection to electrical power and 

can cost upwards of $1,600 [13]. 
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Figure 4 - Inpatient Pneumatic Compression System  

Arjo Huntleigh Flowtron Excel [13] 

 

Outpatient pneumatic compression systems [Figure 5] operate on the same 

principle as the inpatient versions, but are often smaller, more portable, and capable of 

operating on battery power [14].  These systems are considerably less expensive, but still 

cost around $300 per pair.  Additionally, their reliance on battery power means added 

weight and the need to regularly recharge, or carry extra batteries. 

 

Figure 5 - Outpatient Pneumatic Compression System - DJO Global VenaPro [14] 

 

Most pneumatic compression therapies operate at pressures of approximately 40 

mmHg [15].  This pressure is ideal as it applies the highest level of pressure to the venous 

system without the risk of interfering with arterial blood flow as illustrated in Figure 6. 
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Figure 6 - Blood Pressures in Various Parts of the Cardiovascular System [8] 

 

Passive compression stockings [Figure 7] fit tightly around the lower legs and 

apply graded compression that is greater towards the ankle and lesser towards the knee.  

This compression gradient is intended to decrease the incidence of swelling and blood 

pooling in the legs.  The passive nature of their design, however, does nothing to 

encourage an increase in the flow of blood.  They are relatively inexpensive and can be 

found in the range of $20. 
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Figure 7 - Passive Compression Stockings [16] 

 

Chemoprophylaxis, also known as “blood thinners” are pharmacological agents 

which disrupt part of the body’s natural clotting cascade.  They can be very effective at 

preventing thrombus formation.  However, they also carry with them the risk of excessive 

blood loss.  Patients who have experienced trauma or major surgery need their blood to 

be able to clot as part of the healing process.  Therefore, despite the higher risk for these 

patients to develop DVT, chemoprophylaxis needs to be used sparingly in these situations 

[7]. 

 

1.6. Identifying Areas for a New Therapeutic Device 

With this background in mind, there appears to be an opportunity for a new type 

of therapeutic compression device.  An inexpensive, single-patient, disposable device 

capable of applying compressive pressure using only mechanical input from the user 

could help reduce the risk of DVT in patients who are unable to afford pneumatic 

compression systems.  Additionally, this device could act as a complimentary mode of 

therapy for those who use pneumatic compression, but desire a simpler, more portable 
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device when traveling, or anywhere away from a power source.  This device would also 

be advantageous over the passive compression stockings as it would provide active 

encouragement of blood flow as opposed to passively resisting pooling of blood.   

A preliminary patent was filed for a purely mechanical device that could provide 

therapeutic pressure to the lower extremities without the need for an external power 

source [17]. In addition to providing pressure, this device would also provide a means of 

physical activity for the user and would allow them to take a more active role in their 

recovery process.  Some figures included with this preliminary patent are shown in 

Figure 8. 

 

Figure 8 – Figures From Preliminary Patent [17] 
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CHAPTER 2 

AIMS OF THE RESEARCH 

 

Based on this background information and the ideas put forth within the 

preliminary patent, the hypothesis was put forth that a manually operated compression 

device (MOCD) could provide a simple way to produce compressive pressures that move 

distal to proximal along the lower extremities at levels comparable to currently available 

therapies to assist in the prevention of deep vein thrombosis.  To pursue this hypothesis, 

the following specific aims were defined. 

 

2.1. Aim 1 - Prototype 

The most straightforward way to test the hypothesis was to design and build a 

functioning prototype.  The design process focused on the basic function of the device 

which can be broken down into three fundamental steps   

•   Apply compressive pressure 

•   Sequentially or continuously move pressure proximally 

•   Release pressure and reset 

Additional requirements based on the device’s intended use were defined as  

•   Inexpensive/Disposable 

•   Single patient use 

•   Simplicity in design, construction and operation 

•   Non-powered – Manual operation only 

•   Application of 40 mmHg of pressure - Comparable to existing active therapies 
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2.2. Aim 2 – Mathematical Model 

 In addition to a functioning prototype, a mathematical model which accurately 

describes the behavior of the device would be beneficial for identifying parameters of the 

device that could be adjusted to alter the performance.  It would aid in expanding the 

design to accommodate leg sizes other than those that would be available for testing with 

the prototype.   
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1. Aim 1 – Prototype Design and Construction 

Several different prototypes were built and evaluated against the specified 

functions and requirements (see section 2.1).  For the earlier prototypes, pressure was not 

measured quantitatively, but qualitatively as the pressure perceived by the user.  

Additional information about the movement and direction of the applied pressure was 

inferred by the design and operation of the prototypes.  If the mechanisms of pressure 

application were identical when moving in both the proximal and distal directions, it was 

deduced that the pressures applied in those directions were equivalent.   

3.1.1. Prototype 1 

Prototype 1 [Figure 9] consisted of a simple stocking with elastic channels sewn 

onto the outside.  Inside these channels, plastic balls were pulled up and down by cables 

operated by the user.  Since this design applied pressure equally in both proximal and 

distal directions, it was rejected as this fails to meet the specified functions.   
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Figure 9 - Prototype 1 - Stocking with Elastic Channels 

 

3.1.2. Prototype 2 

Prototype 2 [Figure 10] consisted of a wood and plastic frame with cables 

attached to a series of plastic balls.  The user would operate it by pulling sequentially on a 

series of cables that would press the balls firmly against the leg as they moved 

proximally, and relieved the pressure as they moved distally.  This design was rejected as 

it required complex coordination and significant force from the user to operate.  It also 

applied pressure only in discrete points across the leg verses circumferentially as is the 

case with the pneumatic compression devices.   



	   16	  

 

Figure 10 - Prototype 2 – (a) Plastic and Wood Frame (b) In Use 

 

3.1.3. Prototype 3 

Prototype 3 [Figure 11] consisted of a u-channel fabricated out of wood and 

cardboard which rested against the anterior side of the lower leg.  Fabric was wrapped 

around the u-channel and the leg.  A sickle shaped handle was attached around the ankle 

with an elastic band.   

b	  a	  
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Figure 11 - Prototype 3 - U-Channel with Sickle Shaped Handle 

 

When the top of the handle was pulled toward the knee, the handle would begin 

pressing the fabric at the distal end of the device into the u-channel.  This deformation of 

the fabric created tension which translated into compressive pressure around that part of 

the leg.  As the handle was pulled in further, the location of fabric deformation would 

move proximally causing compressive pressure to continuously move up the leg.  The use 

of fabric in this way acts as a kind of low-pass filter in that it transforms a discrete point 

of pressure created by the handle into a larger continuous band of pressure around a cross 

section of the leg.  And although this was a significant milestone in prototype 

development, this design was ultimately rejected as, similar to design 1, there was equal 

pressure applied in both the proximal and distal directions. 
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3.1.4. Final Prototype 

The successes and failures of these initial designs were applied in the creation of 

the final prototype [Figures 12a, b, and 13] which consists of a w-channel made out of 

laser cut acrylic that rests against the anterior part of the user’s lower leg.  Similar to 

design 3, fabric is wrapped around the leg and over the w-channel.  The fabric is 

sandwiched between the center of the w-channel and a guide rail that is mechanically 

fastened to the w-channel through the fabric.  A sled made of machined aluminum rides 

on the guide rail which enables it to move longitudinally along the w-channel.  There is 

an elbow shaped slot cut into the sled through which an axle can move.  Attached to this 

axle is a handle made out of laser cut acrylic and a pair of wheels made of plastic.  

 

Figure 12 – Final Prototype – (a) 2-D CAD drawing – (b) 3-D CAD model 

a	   b	  

w-channel	  

handle	  

sled	  
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Figure 13 – Final Prototype in Use on Human Leg 

 

To operate the device, the user pulls proximally on the handle.  This causes the 

axle to move down into the lower part of the elbow which presses the wheels down into 

the w-channel thereby deforming the fabric and creating tension around that cross-section 

of the leg.  As the user continues to pull the handle, the sled moves proximally along the 

guide rail allowing the wheels to create a continuous wave of pressure that moves up the 

leg.  When the sled reaches the top of the w-channel, the user pushes distally on the 

handle which causes the axle to move into the upper part of the elbow raising the wheels 

out of the w-channel.  This removes the pressure from the leg and allows the sled to 

return to the bottom of the w-channel where the cycle can begin again.   

 3.1.5. Enhancements Made to Final Prototype 

 During the initial testing of the final prototype, it was noted that the guide rail was 

actually moving too easily.  The sled would move with the slightest nudge.  Surprisingly, 

this is disadvantageous to the function of the prototype.  Some resistance is needed to 

w-channel	  

handle	  

sled	  
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allow the axle to move within the slot.  Once the axle has moved to the desired position 

within the slot, the sled should then move along the guide rail.   

To address this issue, stop blocks were fabricated out of laser cut acrylic and 

attached to both ends of the guide rail.  Each stop block then had a magnet attached to it 

which faced the sled.  The sled also had magnets attached to it which aligned with those 

on the stop blocks [Figure 14].  This configuration assisted in holding the sled in place at 

the extents of the guide rail.  At the distal end of the guide rail, the sled was held in place 

as the handle was pulled causing the axle to move into the lower section of the slot.  Once 

the axle was firmly seated at the end of the slot, the force on the handle would cause the 

magnets to be pulled apart allowing the sled to move freely along the guide rail.  

Similarly, when the sled reached the proximal end of the guide rail, the magnets would 

hold it in place as the handle was pushed causing the axle to move to the upper section of 

the slot.  Once the axle was seated at the end of the slot, pushing on the handle would 

cause the magnets to be pushed apart allowing the sled to again move freely back down 

the guide rail. 

 

Figure 14 – Stop Block with Magnets on Guide Rail 

 

Stop block	  

Magnets	  
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3.2. Aim 1 - Characterization of Prototype 

 3.2.1. Model Leg 

To assist in evaluation and characterization of the final prototype, a model leg was 

built.  This model consists of two pieces of wood fastened together in an inverted t shape.  

The wide base was fitted with non-skid rubber feet for stability.  A rigid cardboard tube 

fits around the vertical piece of the inverted t and rests on the base [Figure 15a and b].  

The inverted t represents the foot and ankle while the tube represents the lower leg.  The 

model leg, though primitive in appearance, provides a simple and effective means of 

testing and observing how the prototype functions. 

  

 

Figure 15 – Model Leg - (a) Disassembled and - (b) Assembled 

 

a	   b	  
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3.2.2. How to Measure Applied Pressure? 

 To properly characterize the performance of this design against the defined 

requirements, it was necessary to measure the pressure produced by the MOCD.  Several 

different sensors were tested in order to determine which would provide the optimum 

performance for this particular application.  The first was a thin piece of pressure sensing 

fabric (EeonTex Pressure Sensing Fabric – Sparkfun part # COM-14111).  Attempts to 

calibrate this sensor were made on the benchtop by placing the fabric between two sheets 

of aluminum foil.  A multimeter (Jameco BenchPro BP-1562) was connected across the 

two pieces of foil and set to measure the resistance between them.  Various objects of 

known weight were placed on the top foil piece.  Initial measurements showed that this 

material proved adept at sensing a change in applied pressure.  Adding or removing 

weight from the sensor showed a quick change in resistance.  However, it performed very 

poorly at measuring the actual pressure.  Repeated measurements taken using the same 

object resulted in vastly different values of resistance.  The variability in the results was 

so severe that no calibration curve could be constructed and the sensor was deemed unfit 

for this application. 

 The TekScan F-Scan system designed for in-shoe pressure measurement was also 

tested.  This system consisted of a PC running F-Scan Research ver. 6.51 software 

connected to a TekScan VersaTek 2-Port Hub (model #V2PH-1) via a USB cable.  To 

that hub, a VersaTek Cuff (model #VC-1) was connected via an RJ-45 cable.  A TekScan 

shoe insole sensor (model #3000E) was connected to the cuff.   

 Testing of this system utilized the software’s ability to record the output matrix of 

the sensor as a .csv file representing data collected over time.  Eight seconds of data were 
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collected at a rate of 100 frames per second.  The output file was then analyzed using 

custom code running in MatLab (version R2017a).  Although the sensor performed 

exceptionally well in benchtop testing, when it was made to curve around the contours of 

the model leg, it began to produce so much noise that measuring pressures at or below 40 

mmHg became too difficult.  For this reason, this sensor was deemed unfit for this 

application.  

The final sensor tested was a pressure sensing resister (PSR) (Tekscan FlexiForce 

Standard Model A201).  Operation of the PSR was performed with a 5V DC power 

supply (Research In Motion PSM04A-050RIMC) connected serially to the PSR and a 

current meter (Jameco BenchPro BP-1562) [Figure 16].   

 

Figure 16 - Wiring Diagram for PSR Operation 

  

Throughout initial testing of the PSR, it was noted that the accuracy of a 

measurement was directly related to the location on the PSR at which the pressure was 

applied.  Pressures applied to the center of the sensor provided the most accurate 

measurements.  To account for this, a small base was built out of laser cut acrylic for the 

PSR to sit in. A puck, laser cut out of slightly thicker acrylic was adhered to the sensor of 

the PSR thereby ensuring that all pressures applied would be directed onto the center of 
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the PSR sensor [Figures 17a and b].  Aside from this, the PSR exhibited a very linear and 

consistent response to applied pressures when compared to conductance (inverse of 

resistance).  This was calculated using the formula 

𝐶 =
𝐼
𝑉 

with C being conductance in (Ohm-1), I being current (amps), and V being voltage 

(Volts).  The simple means of measurement and linear response to pressure made this 

sensor the best option for measuring applied pressure in this application.   

 

Figure 17 - PSR Base – (a) 3-D CAD Model – (b) PSR Sensor Assembly 

 

3.2.3. PSR Calibration on Model Leg 

Testing was performed on the model leg to determine if the PSR was capable of 

accurately measuring pressures against a curved surface. The PSR was placed against the 

tube with the puck facing out and a blood pressure cuff (PrimaCare DS-9197) was 

wrapped around the tube and the PSR.  A digital manometer (Sper Scientific 840082) 

was connected to the blood pressure cuff for a simpler and more accurate means of 

measuring applied pressure [Figure 18].   

b	  a	  
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Figure 18 - PSR Calibration on Model Leg  

 

Varying pressures were applied using the blood pressure cuff starting at around 5 

mmHg and moving upwards stepwise until a level of approximately 80 mmHg (twice the 

stated ideal pressure) was reached.  The pressure was then reduced stepwise back down.  

At each step, the pressure was recorded along with the current passing thru the PSR.  This 

sequence of low pressure, to high pressure, back to low pressure was repeated twice to 

produce ample data and to check for evidence of hysteresis. Measurements were taken 

using this process on three different days.  Although the mechanical properties of the 

model leg don’t mimic those of live tissue, these measurements were taken in order to 

determine how well the PSR was able to measure pressures applied to a curved surface.  

Current 
meter	  Digital 

Manometer	  

Blood 
pressure 
cuff	  

PSR	  

Model leg	  
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Additionally, these measurements would prove well suited for comparisons with the 

predictions made by the mathematical model.  

3.2.4. MOCD Performance on Model Leg 

Once the PSR had been calibrated on the model leg, the performance of the 

MOCD was tested by placing the PSR against the model leg with the puck side facing 

out.  The MOCD was then wrapped around the model leg with the PCR on the side 

opposite the w-channel approximately halfway up the length of the MOCD [Figures 19a 

and b].  The initial tension produced by the MOCD was varied by adjusting how tight the 

hook and loop fasteners were attached.  For each measurement, the current was recorded 

at rest (Io).  Then, the handle of the MOCD would be raised slowly until the sled reached 

the end of the guide rail.  The maximum current observed was recorded (Iabs).  These 

current values were then used to calculate pressure based on the calibration curve 

measured for the model leg.  Measurements were taken for multiple levels of initial 

tension and the entire process was repeated on three different days. 
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Figure 19 – MOCD on Model Leg Measurement Setup - (a) Back and - (b) Front View 

 

3.2.5. PSR Calibration on Human Leg 

More calibration measurements were taken using the leg of the experimenter.  

The electrical configuration was the same as the previous setup.  The PSR was placed 

against the largest part of the gastrocnemius with the puck facing away from the leg.  

Similar to the model leg measurements, the blood pressure cuff was wrapped around the 

leg and the PSR and the blood pressure cuff was connected to the digital manometer 

[Figure 20].   

PSR	   PSR	  

Current 
meter	   Current 

meter	  

Model leg	  
Model leg	  

b	  a	  
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Figure 20 - PSR Calibration Setup on Human Leg 

 

Measurements were repeated for both the left and right legs starting at low 

pressures, moving stepwise to high pressures, and moving stepwise back down to low 

pressures.  This sequence of low to high, back to low was completed only once per leg as 

minimal to no hysteresis was observed during the model leg calibration measurements. 

This process was repeated on three different days.   

3.2.6. MOCD Performance on Human Leg  

Once the PSR had been calibrated on the human leg, the MOCD was affixed to 

the leg of the experimenter with the PSR placed against the largest part of the 

gastrocnemius and the puck facing away from the leg [Figure 21].   
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Blood 
pressure 

cuff	  
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Figure 21 – MOCD on Human Leg Measurement Setup 

 

The initial tension produced by the MOCD was varied by adjusting how tight the 

hook and loop fasteners were attached.  For each measurement, the current was recorded 

at rest (Io).  Then, the handle of the MOCD would be raised slowly until the sled reached 

the end of the guide rail.  The maximum current observed was recorded (Iabs).  These 

current values were then used to calculate pressure based on the calibration curve 

measured for the human leg.  Measurements were taken for multiple levels of initial 

tension on both legs and the entire process was repeated on three different days. 

3.2.7. Calibration of Luggage Scale 

To measure the force required to operate the MOCD, a luggage scale (Harbor 

model #17I11) was used.  To ensure the validity of this scale it needed to be calibrated.  

The scale was suspended from a ring stand and a bucket was attached to the scale [Figure 

22].  Several objects freely available within the lab of known weight were weighed using 

the luggage scale both individually and in combination to provide a large number of 

PSR	  

Current 
meter	  
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measurements over a broad range.  These measurements were repeated on three separate 

days. 

 

Figure 22 – Luggage Scale Calibration Setup 

 

3.2.8. MOCD Operational Force 

With the luggage scale calibrated, the MOCD was attached to the leg of the 

experimenter.  A spring clamp was used to connect the handle of the MOCD to the 

luggage scale [Figure 23].  The display of the scale was observed while it was pulled 

proximally causing the MOCD to operate as described.  The maximum value observed on 

Luggage 
Scale	  

Calibration 
Objects	  
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the display was recorded.  This process was repeated several times with the tension 

applied by the hook and loop fasteners adjusted between each measurement.  

Measurements were taken using both the left and the right leg of the experimenter with 

the entire measurement process repeated on three different days. 

 

Figure 23 – Measuring MOCD Operational Force 

 

3.3. Aim 2 - Mathematical Model 

The development of a mathematical model which describes the pressures applied 

by an MOCD would be beneficial in demonstrating its ability in comparison to other 

available therapies. This model could also aid in identifying opportunities for design 

improvements.  Major considerations when developing this model included: 

-   The amount of deformation of the fabric 

-   The elastic modulus of the fabric 

-   The varying sizes of human legs 
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3.3.1. Model Geometry and Assumptions 

The mathematical model was based on a piece of fabric with constant elastic 

modulus E, thickness t, and height h.  The fabric is wrapped around a solid 

incompressible cylinder which represents a leg with diameter d, and height h.   A notch in 

the cylinder allows the fabric to be deformed by some ∆L as shown in Figure 24.   

 

Figure 24 – Geometry of Mathematical Model - h = Fabric Height,  

t = Fabric Thickness, ∆L = Change in Length of Fabric,  

d = Diameter of the Cylinder Surrounded by the Fabric 

 

3.3.2. Model Derivation 

With the fabric obeying the linear stress strain relationship (see section 4.2.1) 

 𝜎 = 𝐸	  𝜖 (Eq. 1) 

and the definition of strain, this can be expanded to 

 𝜎 = 𝐸	   ∆*
*

 (Eq. 2) 

where ∆L is the change in length of the fabric and L is the original length of the fabric.  

The length of the fabric is equal to the circumference of the cylinder πd.   
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 𝜎 = 𝐸	   ∆*
+,

 (Eq. 3) 

The fabric, having a diameter to thickness ratio of well above 20, can be treated as a thin 

walled pressure vessel.  The circumferential stress, referred to as hoop stress, is defined 

for a cylinder as [18] 

 𝜎 = 	   -,
./

 (Eq. 4) 

Combining equations 3 and 4, and rearranging terms, we solve for pressure  

 𝑃 = (𝐸𝑡)∆𝐿 .
+,5

 (Eq. 5) 

A reasonable question to ask when arriving at a mathematical solution is, “Does 

this make sense?”.  Equation 5 implies that the applied pressure is directly proportional to 

the elastic modulus of the fabric, the thickness of the fabric, and the displacement of the 

fabric and is inversely proportional to the square of the diameter of the cylinder.  The two 

terms representing the physical properties of the fabric appear reasonable.  Stiffer fabric 

would seem to transfer more pressure to the cylinder than flexible fabric would.  Thicker 

fabric would stretch less than thinner fabric thereby transferring more pressure to the 

cylinder.  A larger ∆L would cause greater deformation of the fabric and therefore greater 

pressure.  A larger diameter would provide a larger surface area which would cause a 

decrease in applied pressure.  Therefore, Equation 5 seems to be a reasonable model for 

predicting applied pressure. 

3.3.3. Adjustments to the Model 

One aspect that Equation 5 does not account for is the pressure applied by the 

device by just passively wearing it.  All articles of clothing apply some pressure to the 

body due to factors such as gravity and elasticity.  This passive pressure needs to be 
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accounted for in the model.  This is accomplished with the addition of the term Po to 

represent passive pressure, Pabs to represent the total absolute pressure being applied and 

∆P to represent the change in pressure applied by operating the device.  This new 

equation becomes. 

 𝑃678 = 𝑃9 + ∆𝑃 (Eq. 6) 

where 

 ∆𝑃 = (𝐸𝑡)∆𝐿 .
+,5

 (Eq. 7) 

 
3.3.4. Measuring Elastic Modulus 

In order to make predictions based on this mathematical model, the elastic 

modulus of the fabric needed to be known.  To measure the elastic modulus of the fabric 

used on the prototype, a sample of the fabric was cut from the remaining material and 

secured to the jaws of an Instron mini 55 mechanical tester [Figure 25].  This tester was 

configured to apply a constant elongation rate and recorded the tension applied to the 

fabric as well as its elongation.  These data were then used to calculate the stress and 

strain of the fabric based the on physical measurements of the sample which were 

measured using a flexible standard measuring tape and digital calipers (iGaging EZ-Cal 

IP54).   
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Figure 25 – Elastic Modulus Measurement Setup 

 

3.4. Statistics 

 All measurements were independently repeated three times unless otherwise 

noted.  Statistical analysis was performed using linear regressions in R Studio version 

1.0.153.  Statistical significance was set to a p-value of < 0.05.   

  

Fabric 
Sample	  
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CHAPTER 4 

RESULTS 

 

4.1. Prototype Performance 

 4.1.1. PSR Calibration on Model Leg 

The data collected to calibrate the PSR on the model leg (see section 3.2.3) are 

shown in Figure 26. 

 

Figure 26 - PSR Model Leg Calibration Data 

 

These data appear to show a very linear response between conductance and 

pressure.  However, that linearity seems to vary from day to day. Linear regressions were 

performed on the data for each day with the results supporting the notion of day to day 

variation for the measurements of the sensor [Figure 27]. 
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Figure 27 – Linear Regressions by Day for PSR Model Leg Calibration Data 

C = Conductance | P = Pressure 

Day 1 | C = 0.581*P – 0.331 | R2 = 0.994 

Day 2 | C = 0.611*P – 0.613 | R2 = 0.988 

Day 3 | C = 0.492*P – 1.817 | R2 = 0.988 

 

The differences from day to day could be explained by a number of different 

factors ranging from environmental changes within the laboratory space such as 

temperature and humidity, to variations in the experimental setup such as placement and 
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orientation of the PSR and blood pressure cuff.  A linear regression was performed on the 

data which resulted in statistically significant results (p < 2e-16 ) [Figure 28]. 

 

Figure 28 – Linear Regression for All PSR Model Leg Calibration Data 

Blue Ribbon = Prediction Interval Based on 95% Confidence Interval 

C = Conductance | P = Pressure 

C = 0.559 * P – 1.070 | R2 = 0.946 

 

 The results of this regression can be rearranged to provide Equation 8 which 

calculates pressure based on conductance values for measurements on the model leg. 

40	  
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 𝑃 = ;<=.?@?
?.AAB

 (Eq.8) 

 

Figure 28 also contains a blue shaded ribbon representing the prediction interval 

for this linear regression based on a 95% confidence interval.  Of note is the width of this 

ribbon which represents the predicted variability over which future measurements will 

likely fall.  This demonstrates the inaccuracy of the measurements made using the PSR, 

despite the linearity of the results,   

4.1.2. Applied Pressure on Model Leg 

Equation 8 allows for the calculation of pressure applied by the MOCD on the 

model leg based on data collected from the PSR.  Figure 29 shows the relationship 

between Po, the passive pressure applied by the MOCD on the model leg, and ∆P, the 

change in pressure caused by the operation of the MOCD (see section 3.2.4) 
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Figure 29 – Measured Pressure Applied by MOCD on Model Leg 

Po = Passive Pressure | ∆P = Pressure Change Due to MOCD Operation 

 

4.1.3. PSR Calibration on Human Leg 

The data collected to calibrate the PSR on the human leg (see section 3.2.5) are 

shown in Figure 30. 
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Figure 30 – PSR Human Leg Calibration Data 

 

Again, it was noted that on different days, the calibration curve appeared to 

change slightly.  Again, linear regressions were performed on each day’s data 

independently [Figure 31]. 
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Figure 31 – Linear Regressions by Day for PSR Human Leg Calibration Data 

C = Conductance | P = Pressure 

Day 1 | C = 0.548*P + 1.035 | R2 = 0.958 

Day 2 | C = 0.554*P + 4.32 | R2 = 0.983 

Day 3 | C = 0.512*P + 0.1630 | R2 = 0.983 

 

As before, these regressions do seem to support the notion that sensor response, 

changes between different days.  The differences could be explained by factors such as 

environmental changes within the laboratory space like temperature and humidity, to 

variations in the experimental setup such as placement and orientation of the PSR and 
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blood pressure cuff.  A linear regression was performed on the data as a whole which 

resulted in statistically significant results (p < 2e-16) [Figure 32].   

 

Figure 32 – Linear Regression for All PSR Calibration Data on Human Leg 

Blue Ribbon = Prediction Interval Based on 95% Confidence Interval 

C = Conductance | P = Pressure 

C = 0.540 * P – 1.764 | R2 = 0.939 

 

The inverse relationship of pressure in terms of conductance for measurements on 

a human leg becomes 

 𝑃 = ;<=.@CD
?.AD?

 (Eq. 9) 
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Once again, the prediction interval based on a 95% confidence interval shown as 

the blue ribbon in Figure 32 is cause for concern as it represents a large degree of 

uncertainty within the measurements obtained from the PSR.   

4.1.4. Applied Pressure on Human Leg 

Using Equation 9, the pressure measurements made with the MOCD on the 

human leg were calculated (see section 3.2.6).  The results are shown in Figure 33. 

 

Figure 33 – Measured Pressure Applied by MOCD on Human Leg 

Po = Passive Pressure | ∆P = Pressure Change Due to MOCD Operation 

 

Since the prototype performance is based on achieving the absolute pressure of 40 

mmHg, these data can also be represented as Po verses Pabs as in Figure 34. 
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Figure 34 – Absolute Pressure Applied by MOCD on Human Leg 

Po = Passive Pressure | Total Applied Pressure (Pabs) Due to MOCD Operation 
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4.1.5. Luggage Scale Calibration 

 The measurements made for the luggage scale calibration (see section 3.2.7) are 

shown in Figure 35. 

 

Figure 35 – Luggage Scale Calibration Data with Linear Regression 

M = Measured Weight | K = Known Weight 

𝑀 = 1.002 ∗ 𝐾 − 0.051 | R2 = 0.9998 

 

Based on this statistical analysis, it can be concluded that the luggage scale 

exhibits an almost perfect linear response.  The largest percent error would occur at 
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values below 1 lb.  Readings between 1 and 25 lbs would have percent errors of less than 

5%.   

4.1.6. Force of Operation 

With the luggage scale calibrated, the force of operation results (see section 3.2.8) 

were analyzed as shown in Figure 36.  These data show the amount of force a user would 

need to exert on the handle in order to operate the device. 

 

Figure 36 – Density Plot of Operational Force Measurements 

Y-axis illustrates the number of measurements taken with  

values corresponding to those on the x-axis 
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These data show that the force required to operate the MOCD is around 3.25 lbs.  

While making the measurements of force required to operate the MOCD, it was observed 

that the maximum force always occurred during the separation of the magnets.  After the 

magnets had separated the force would drop to 2 pounds or less.  Even when the device 

was attached at values of Po substantially higher than that which was required to reach the 

40 mmHg benchmark, the operational force never exceeded 2.5 pounds.   

4.1.7. Cost Analysis 

The cost analysis for the final prototype [Table 1] demonstrates the economy of 

this design with a single, purpose-built prototype costing just over $50.  It also shows 

where costs can be reduced.  The guide rail, magnets and wheels represent almost 89% of 

the total cost of the prototype.  The wheels were purchased from a third party, but could 

easily be manufactured specifically for this device at a fraction of that cost.  Additionally, 

the guide rail and the magnets, which cost more than all other materials combined, could 

be replaced with far more economical substitutes.  The guide rail is substantially over-

engineered for the purposes of this device in that it allows for extremely smooth linear 

movement with the slightest perturbation.  This is not a requirement and, ideally, there 

would be more resistance to movement the movement of the sled.  This would assist with 

the travel of the axle within the slot.  This was precisely why the magnets needed to be 

added in the first place.  By substituting the guide rail for a track with greater resistance, 

the magnets may not be needed at all.    
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Part Unit Cost Units Cost % of Total Cost 

Rail $19.27/rail 1 $19.27 38.30% 

Magnets $3.97/ea. 4 $15.88 31.56% 

Wheels $9.49/pr. 1 pr. $9.49 18.86% 

Velcro $0.03/sq. in. 60 sq. in. $1.83 3.64% 

Acrylic $1.95/lb 0.871 lbs $1.70 3.38% 

Aluminum $0.74/cu. in. 2.08 cu. in. $1.54 3.06% 

Fabric $0.20/sq. ft. 3 sq. ft. $0.60 1.19% 

     

  Total $50.31  
 

Table 1 – Cost Analysis for Final Prototype 

 

This cost analysis does not include estimates for the labor involved in machining 

the aluminum and assembling the other components together.  At mass production scale, 

the majority of these components could be manufactured via injection molding which 

would reduce both the cost of materials and the labor involved in assembly.  For 

example, each w-channel is made out of 12 pieces of acrylic that have to be laser cut and 

manually bonded together.  Creating them via injection molding would produce one solid 

part which would require no assembly.  And, if the cost of only the wheels, magnets, and 

rail were reduced by 50%, the cost of materials for the entire prototype would be $27.99, 

which is moderately more expensive than the cost of a pair of passive compression 

stockings and substantially less expensive than either pneumatic option making an 

MOCD an appealing option for DVT prevention therapy.   
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4.1.8. Comparison to Defined Device Functions and Requirements 

Revisiting the previously defined functions (see section 2.1), the MOCD is 

capable of 

•   Appling compressive pressure 

•   Continuously moving pressure proximally 

•   Releasing pressure and resetting 

The additional requirements the MOCD appears capable of achieving are  

•   Inexpensive/Disposable 

•   Single patient use 

•   Simplicity in design, construction and operation 

•   Non-powered – Manual operation only 

•   Application of 40 mmHg of pressure - Comparable to existing active therapies 

Although the construction of the final prototype is modestly complex, as 

discussed above, mass production of the device would aid greatly in simplification.  

Figure 34 illustrates that the MOCD is capable of reaching the 40 mmHg benchmark.  

However, reaching that value does require a value of Po of around 25-30 mmHg.  Ad hoc 

testing of typical socks revealed an average pressure of around 10 mmHg. The prototype 

will likely need to be adjusted in order to achieve a level of 40 mmHg for absolute 

pressure while remaining at a more comfortable level of around 10 mmHg of pressure for 

Po.   

 

  



	   51	  

4.2. Mathematical Model  

4.2.1. Elastic Modulus 

The sample used to measure the elastic modulus of the fabric was not prepared 

with the intent to be used in scientific work.  It was hastily cut from leftover fabric to act 

as a throw-away sample for use during training on the mechanical testing machine and to 

determine if remotely reasonable data could be obtained from the machine.  These 

measurements (see section 3.3.4) are shown in Figure 37.  Unfortunately, shortly after 

these initial trial measurements were made, a piece of the machine failed which wasn’t 

able to be replaced in time to make more precise measurements in triplicate from well 

prepared samples.   

 

Figure 37 – Mechanical Testing of Fabric 
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Be that as it may, an argument may be made that these data could be used to 

provide a general approximation of the elastic modulus of the fabric.  The stresses 

experienced by the fabric on the MOCD during typical operation were calculated using 

the mathematical model to be within the range of 3-9 MPa.  The mechanical testing 

ended up stretching the fabric to levels up to 5 times that maximum amount.  The data in 

Figure 37 suggest that the elastic modulus of the fabric increased from trial to trial 

resulting in the response curves becoming steeper as the tests progressed.  This could be 

explained as the fabric becoming overly stretched and stiffening as a result.  When these 

data are filtered to show only the measurements within the range of stresses under which 

the device will operate, this increase in slope is still apparent [Figure 38]. 

 

Figure 38 – Filtered Mechanical Testing of Fabric Data 
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The results of these linear regressions performed on each of the trials are shown in 

Table 2.  

Trial E (MPa) R2 
1 127.5 0.998 
2 369.0 0.996 
3 512.1 0.988 
4 520.5 0.987 
5 528.4 0.987 

 
Table 2 – Fabric Elastic Modulus Measurements 

 

 Table 2 confirms that the elastic modulus of the fabric increased as it was 

repeatedly over-stressed.  Therefore, the actual value of the elastic modulus is likely in 

the range of the first two trials (128-369 MPa) which were measured prior to the 

excessive stretching.  This range of values will be used in evaluating the MOCD 

performance results against the mathematical model predictions. 

 4.2.2. Comparison to Model Leg Measurements 

   For given values of fabric elastic modulus, thickness, device ∆L and leg diameter, 

the mathematical model predicts a constant value for ∆P.  Figure 39 shows the values of 

∆P applied by the MOCD on the model leg.  Also shown is a yellow area that represents 

the range of predictions made by the mathematical model based on the range of values 

estimated for the elastic modulus of the fabric.  The dashed orange and purple lines 

represent the predictions for the lowest and highest estimated elastic modulus values 

respectively.  Given the previously discussed variability in measurements made using the 

PSR, the empirical data and the predictions made by the mathematical model appear to be 

in reasonably close agreement.   
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Figure 39 – MOCD on Model Leg  

Measured Data Compared with Predictions of Mathematical Model 

Po = Passive Pressure | ∆P = Pressure Change Due to MOCD Operation 

The Mathematical Model Predicts a Horizontal Line Within the Yellow Band 
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CHAPTER 5 

DISCUSSION 

 

5.1. Critique of the Final Prototype 

The overall form and function of the final prototype do meet the functions and 

requirements as specified in section 2.1.  That being said, it’s not without its faults.  

Needing to have magnets adds unneeded complexity and cost to the device.  The simple 

single-handed push-pull operation is appealing, yet attaching the device is a much more 

cumbersome chore.  Additionally, there is no way to accurately set the Po value without 

the use of a sensor like the PSR.  Without a means of simply and accurately setting Po, 

there is no way to ensure users will experience appropriate levels of Pabs.  This should be 

a focus of future research. 

 

5.2. Uncertainty of Pressure Measurements 

The wide band of prediction intervals shown in Figures 28 and 32 imply a great 

deal of uncertainty in the measurements of MOCD performance.  More accurate 

measurements could show the device provides a larger or smaller amount of ∆P than 

what is represented in this research.  Future research and development of this and future 

prototypes will require an improved method for measuring applied pressure.   
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5.3. Mathematical Model and Implications for Future Directions   

Equations 6 and 7 provide valuable insight into the design of the prototype and 

some possible limitations.  The human leg is very rarely a perfect cylinder and often 

varies substantially in diameter from ankle to knee.  This variability in diameter could be 

addressed by adjusting any or all of the other parameters in the model.  The fabric can be 

manufactured so that thickness and/or elastic modulus vary along the length of the 

device.  This would compensate for the change in diameter along the length of the leg 

thereby providing close to constant ∆P from bottom to top.  The ∆L term is based on the 

geometry of the w-channel.  The current prototype has a constant ∆L along its entire 

length.  A w-channel that incorporates varied geometry could cause changes to ∆L that 

would also be able to compensate for the variation of leg diameter.  Of course, a 

combination of these solution could also be employed.   

When compared to empirical results (see Figure 39), the mathematical model 

overestimates the change in pressure caused by the MOCD.  This could be caused by 

many factors including the inaccuracy of the pressure measurements and the inaccuracy 

of the elastic modulus measurements.  The MOCD is wrapped around the leg using hook 

and loop fasteners.  These are sewn to the fabric, but their elastic modulus was not 

considered when making calculations.  Also, no hook and loop fastener is perfect.  There 

is likely some give in their connection.  These factors could have substantial impacts on 

the accuracy of the mathematical model.   
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5.4. The Mechanics of Biological Tissue 

The complex interactions between fabric and biological tissue are not accounted 

for in the current state of the mathematical model.  There will be no way of knowing how 

well different configurations of the MOCD will perform on different calf sizes, outside of 

exhaustive empirical testing, without making these improvements to the mathematical 

model. 

 

5.5. Contraindications and Risk of Use 

 Contraindications for pneumatic compression devices include severe peripheral 

vascular disease, arterial ulcers, dermatitis, lower extremity bypass procedure, lower 

extremity trauma with plaster cast, and any condition where increased venous or 

lymphatic return is unwanted [7], [19].  Makers of pneumatic compression devices also 

list DVT/PE as a contraindication [15].  However, there is evidence to suggest that the 

use of pneumatic compression devices do not increase the risk of PE in patients with 

DVT [20].  As the MOCD is designed to apply similar levels of compressive pressure to 

the lower extremities, similar results and limitations should be expected.   
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