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Abstract

Regarded as the mainstay for treatment of venous insufficiency and the associated complications,
compression therapy aims at assisting with venous return through the exertion of external
pressure on the limbs. Compression is achieved by medical bandages and stockings, which hold
promise only during supine and walking conditions, or mechanical pumps, which are usually bulky
and limited to non-ambulatory use. Hence, the purpose of this study was to develop an improved
compression system that eliminates the flaws of the existing products. To attain this goal, a
motorized compression bandage was designed that takes advantage of force-sensing resistors
(FSRs®) to exert reproducible, controlled pressure on the lower extremities. The performance of
the device in enhancing venous return was explored in a pilot experiment, wherein graded lower
body negative pressure (LBNP) was employed as a surrogate of standing erect. The results
revealed a significant reduction in the mean cardiovascular changes to LBNP.

Keywords: venous insufficiency; compression therapy; adaptive compression system; force-
sensing resistor; lower body negative pressure
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Chapter 1.  Introduction

1.1. Motivation

Compression therapy, or exertion of external pressure on the limbs, provides a means to
manage a variety of conditions in different medical and non-medical fields, including, but not
limited to, orthostatic' intolerance (OI) [1, 2], hemorrhage [3, 4], burn scars [5, 6], post-surgical
operation [7, 8, 9], athletic enhancement [10, 11, 12], and aviation and post-spaceflight
complications [13, 14, 15]. In addition to the foregoing, leg venous insufficiency is one of the most
common indications for compression therapy [16]. Venous insufficiency, which is a high-
prevalence medical condition among the adult population, especially the elderly, pregnant women
and spinal cord injury (SCI) patients, is characterized by retrograde blood flow in the lower
extremities, and occurs due to poor blood circulation and elevated venous pressure in the lower
limbs [17]. It can be accompanied with troublesome and unpleasant complications that negatively
affect the quality of life, including varicose veins, excessive leg swelling, heaviness in the legs,

pain, skin changes, and hypotension-induced fainting to name a few [18].

The efficacious role of compression therapy in management of venous disorders and its
sequelae has been the subject of numerous studies [19, 20, 21, 22]. It has been illustrated that
applying an external pressure on the lower limbs assists with fluid volume control and blood
circulation in the legs by impacting the arterial, venous, and lymphatic function [22, 23]. Bandages,
stockings, and mechanical pumps are among the popular remedies to tackle venous insufficiency.
Although being used extensively, compression devices, in their current form, have some
drawbacks and limitations. Mechanical pumps are usually bulky and do not allow for ambulatory
use [16]. Bandages do not serve to sustain pressure over time, necessitating frequent re-

applications, and putting them on correctly is highly clinician dependent [20]. Compression

I'relating to or caused by an upright posture



hosiery, whose efficacy has been proven to change with anthropometric variables, are difficult to
don, and neither these products nor medical wraps are beneficial during passive orthostasis [1].
Also, exertion of recommended pressure levels and their sustenance is of utmost importance for
successful treatment, entailing the need for monitoring and controlling the pressure beneath the
compression garments [24]. However, sub-bandage pressure, which is determined by garment
properties, geometry of the limb, skill of the operator, and physical activities and posture of the
user [20, 25], generally is not measured by the clinicians. The health care practitioners count on
their own experience while applying compression bandages, and the manufacturers’ listed class
of compression when prescribing compression hosiery [26, 27]. After the recipients of
compression products are discharged from medical centers, it is not feasible to continuously
assess the changes in sub-bandage pressure that might occur due to movements and changing
physiological conditions of the lower extremities, such as swelling reduction. The shortcomings of
the existing compression systems attenuate the optimal performance of these devices and
reduces their efficacy.

All these reasons together served as a compelling demand for this study to design,
fabricate, and evaluate a novel smart pressure garment which eliminates the aforesaid problems
to the greatest extent possible. Herein, an adaptive compression system (ACS) is proposed that
is able to deliver different pressure types and can be used during stasis and ambulation. It is
basically a garment with a motorized lacing system, in which rotation of a motor is exploited to
tighten and loosen a piece of fabric for delivering pressure in sustained and intermittent modes.
The ACS is equipped with flexible force-sensing resistors (FSRs®), which are used as a means
to measure the exerted pressure on the skin. The sub-bandage pressure feedback from the
FSRs® is beneficial not only in generating reproducible, controlled compression levels, but also in

making the device adaptive to physiological changes.

1.2. Objectives of Study

This study pursues two goals:

1. To develop a new adaptive compression system for ameliorating venous stasis and
enhancing venous return; this objective has two aspects:

e To design and fabricate a prototype of a motorized compression bandage

e To assess and calibrate FSRs® for the purpose of interface pressure measurement



2. To evaluate the performance of the new device during orthostasis through the
implementation of pilot experiments, in which graded lower body negative pressure (LBNP)
is used to simulate passive standing

Each of the objectives is elaborately discussed in the following chapters.

1.3. Thesis Layout

The remainder of this thesis is organized as follows:

Chapter 2 reviews the literature on venous insufficiency definition, along with its
epidemiology, venous system physiology and pathophysiology, and treatment options; concept
and terminology of compression therapy, physiological effect of external pressure the lower
extremities, and current compression modalities; and finally, measuring the pressure on the skin

beneath compression garments.

Chapter 3 consists of two main parts: the first section explains the design and fabrication
process of the proposed compression system, and the second section provides in depth
information regarding usability of force-sensing resistors in monitoring sub-bandage pressure and

describes the path towards their calibration.

Chapter 4 presents the experiments conducted to assess the performance of the newly

designed compression device.

Chapter 5 is devoted to statistical analyses, discussion of the results gained from the

experimental evaluation of the designed system, and the limitations.

Chapter 6 summarizes the thesis, draws conclusions by highlighting the main findings,

and outlines future work.



Chapter 2.  Literature Review

2.1. Chronic Venous Disorder in Lower Extremities

2.1.1.  Clinical Definition and Epidemiology

Chronic venous disease (CVD) and chronic venous insufficiency (CVI) are general terms
used to describe a number of conditions that occur in the leg tissue due to poor blood circulation
in the veins of lower extremities. In these disorders, blood pools in the legs and if left untreated,
it leads to venous hypertension, or elevated blood pressure! in the veins. Progressive pathologies,
the severity of which varies from slight asymptomatic venous valve incompetence to chronic leg
ulcerations, may arise as a consequence of this longstanding high pressure [28]. Some of these
abnormalities are depicted in Figure 2-1.

I

Telangiectasia Varicose velns Oedema Hyperpigmentation
(dilated vessels near skin) (dilated veins) (palpable swelling in legs) (dark-colored skin)

Venous eczema Lipodermatosclerosis Atrophie blanche Ulcer
(skin changes like redness) (thickening of leg skin) (presence of white scar) (open wound)

Figure 2-1 Clinical manifestations of chronic venous disorder?

I Blood pressure is the force per unit area applied by blood against the vessels walls, and is usually
expressed in millimeters of mercury (mmHg).

2 adapted from [98]



While CVD includes functional (e.g. venous reflux) or morphological (e.g. venous dilation)
abnormalities of the venous system, CVI refers to only functional defects with more advanced
pathologies such as the ones with skin changes, oedema, or ulcers. Accordingly, varicose veins
in the absence of skin changes, or uncomplicated varicose veins, are usually excluded from CVI
definition [17, 29]. Some of the established risk factors of CVD and CVI are deep vein thrombosis’
(DVT), heredity, obesity, pregnancy, smoking, aging, female gender, inactivity, and extended
periods of standing or sitting. Individuals who have these risk factors are more likely than other
people to develop the disease [28, 29].

CVD and CVI result in significant discomfort and reduce the quality of life of individuals
who suffer from them [30, 31]. Dyscosmesis (loss of positive body image), feeling of heaviness in
the legs, persistent pain, leg cramps, pruritus or itching, hemorrhage, and progressive skin
changes are examples of the complications with which sufferers grapple [18]. In a study by Phillips
et al.,, 73 patients with moderate to severe chronic leg ulcer were interviewed and the
psychological, social, and financial consequences of the disease were investigated [32]. Leg
ulcers were found to have a substantial socioeconomic impact on the lives of patients, and proven
to be correlated with time lost from work, job loss, and adverse financial effects. Among the
participants, 81% reported mobility impairment, with leg swelling as its main cause, 58% thought
that ulcer care was onerous, and 68% believed that the disorder had a negative emotional
influence on their lives, such as anger, depression, social isolation, and loss of positive self-image

to name a few [32].

In developed countries, approximately 5% and 1% of the adult population suffer from CVI
and venous ulcers, respectively [33]. According to the Medical Advisory Secretariat (MAS) of
Canada, 0.12-0.32% of the general population, which translates to approximately 50,000 to
500,000 Canadians, have lower limb ulcers [19]. Roughly 2.5 million individuals are affected by
leg ulcers in the United States, and as the population ages, the possibility of the spread of the
disease increases [32]. In a cross-sectional study of a random sample of 1566 subjects, aged 18
to 64 years old, from the general population in Edinburgh, Scotland, Evans et al. found that
varicose veins were present in 40% of men and 32% of women. Telangiectasia was present in

more than 80% of all subjects, and the prevalence of CVI was 9% in men and 7% in women [28].

I Thrombosis is the formation of blood clots in the blood vessels, and deep vein thrombosis refers to blood
clot formation in the deep veins of the legs.



In addition to reducing life quality and causing social impairment, chronic venous disorders
can be very costly to the health care system due to prevalence, morbidity, and chronicity [31, 33,
34]. In European countries, 1-2% of the health care budget is dedicated to venous disease [33].
A four-week costing study by Friedberg et al. on individuals with lower leg ulcers in a large urban
centre in Ontario, Canada, estimated that 192 people receiving care would annually consume $1
million in nursing-care services and $260,000 in wound-care supplies [35]. In the United Kingdom,
between £294 to £650 million a year is allocated to venous disease; in the United States,
treatment costs are estimated to be $2.5 to $3 billion and a loss of 2 million work days per year
[36].

The statistics that have been presented thus far, portray venous disorder as a debilitating
and costly socioeconomic concern to the health care system and necessitate taking action
towards disease management. To successfully cope with this situation, first it is vital to study the

physiology of leg vascular system and understand the mechanisms that underlie its pathologies.

2.1.2. Venous System Physiology in Lower Limbs
Circulatory System

The circulatory system is a closed network designed to circulate blood throughout the
body for the purpose of exchanging substances such as gas, nutrients, hormones, and waste
products; and is comprised of the cardiovascular and lymphatic systems. The heart and three
types of blood vessels, i.e. arteries, veins, and capillaries, make up the cardiovascular network.
The heart, which is basically a hollow muscular organ with four chambers, is the core of this
network and is responsible for delivering blood to the entire body. In the cardiovascular network,
the arterial system transports high-pressure blood from the heart to the organs and tissues
through the thick-walled arteries and arterioles; and the venous system carries low-pressure blood
back to the heart via the thin-walled veins and venules. The connection between the arterioles
and venules happens at an interweaving network of microscopic capillaries called capillary beds.
The cardiovascular system is composed of two distinct circulatory paths: pulmonary circulation,
the circuit through the lungs where oxygen-depleted blood releases carbon dioxide and absorbs
oxygen; and systemic circulation, the circuit through the rest of the body for delivering oxygen-
rich blood to the organs and tissues, and draining oxygen-poor blood and wastes [37]. A simplified

illustration of the cardiovascular network is presented in Figure 2-2.
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Figure 2-2 Schematic illustration of human cardiovascular system?

Transcapillary Exchange

Gas and metabolite movement between the blood and tissue interstitial fluid2 occurs at
capillary beds and is known as transcapillary exchange. The net transcapillary fluid exchange is
dependent on physical factors including the hydrostatic® and osmotic* pressure gradients across
the vessel wall, and the wall's nature in terms of permeability; and is described by the Starling

relationship:

Jo = K o [(P. — P) — o(mte — ;)] Equation 2.1

In Equation 2.1, J, is the rate of net transcapillary fluid movement, K; . is the capillary filtration
coefficient (hydraulic conductance), P. and P; are the opposing capillary and interstitial fluid

hydrostatic pressures, o is the osmotic reflection coefficient (a measure of the permeability of the

I adapted from [99]

2 Tissue interstitial fluid is one of the three components of the extracellular fluid that fills the spaces between
body cells and blood vessels (also known as the tissue spaces).

3 Hydrostatic pressure is defined as the force applied by a fluid pressing against a wall due to the weight of
the fluid column.

4 The difference in solvent concentration between the two sides of a semi-permeable membrane creates
osmotic pressure.



capillary barrier to the proteins responsible for generating the osmotic pressure), and m,. and
m; are the opposing capillary and interstitial fluid osmotic pressures. If J,, is positive, fluids move

from capillaries into interstitial spaces and filtration happens, and if negative, fluids enter vessels

from interstitial spaces and reabsorption takes place [37].

The balance of the pressures inside and outside the capillaries determines whether
filtration or reabsorption occurs [38]. The capillary hydrostatic pressure (CHP), which is generated
by the pumping action of the heart, is usually at its highest level at the arteriolar end of the capillary
bed (around 35 mmHg). Along the length of the vessel, CHP drops and reaches its lowest value
at the capillary’s venous end (around 16 mmHg). The interstitial fluid hydrostatic pressure (IFHP)
is difficult to measure and its reported values vary from small positive to small negative numbers.
Accordingly, it is assumed that IFHP is equal to 0 mmHg all along the capillaries. Caused by the
presence of large proteins in the blood, the capillary osmotic pressure (COP) is around 26 mmHg
and pulls fluid from interstitial spaces into the vessels. Opposing COP is the interstitial fluid
osmotic pressure (IFOP) that normally has very small values between 0.1 and 5 mmHg [39]. It is
assumed that IFOP equals 1 mmHg during the rest of the current report. The interaction of
hydrostatic and osmotic pressures in the capillaries results in a positive pressure gradient across
the vessel wall at the arteriolar end of the capillary beds that drives fluid out, i.e. outward flow or
filtration; and a negative pressure gradient at the venular end that leads to an inwards fluid
movement, i.e. reabsorption. In general, there exists a net filtration across the capillary walls. In
other words, capillary filtration exceeds reabsorption. The resulting excess fluid gets returned to
the venous bloodstream through the permeable vessels of the lymphatic system [39]. Figure 2-3
schematically depicts fluid exchange at the capillary beds.



) Hydrostatic Pressure Gradient (HPG)
Osmotic Pressure Gradient (OPG)

HPG > OPG HPG < OPG
1T T 1
HPG = OPG

Arteriole

High Protein
Capillary

J S —
Filtration Reabsorption
(=20 L/day) (=17 L/day)

Lymphatic
Drainage
(=3 L/day)

(35-0) - (26-1) = +10 mmHg (16-0) - (26-1) = -9 mmHg

Lymph
Vessels

Figure 2-3 Dynamics of transcapillary fluid exchange
Yellow arrows indicate the direction of blood flow.

Venous Return Terminology and Mechanism

With every heart beat, oxygenated blood gets pumped from the left side of the heart to the
organs and tissues of the body, which need oxygen to function. After exchanging gas and
nutrients at the capillary beds, deoxygenated blood returns to the right side of the heart through
the veins. These veins can be classified into the following three main categories in the lower limbs
[37]:

o Deep Veins: Surrounded by muscles, the deep venous system is located at the central
axis of the leg next to the arteries and include the iliac, femoral, popliteal, peroneal, and
tibial veins. These veins account for the major part of venous blood return to the heart
(approximately 90% to 95%).

o Superficial Veins: These vessels, including small and great saphenous veins, can be
found in the subcutaneous tissue near the surface of the skin and serve to return around
5-10% of oxygen-poor blood to the heart. Superficial veins eventually drain into the deep
veins.

o Perforator Veins: The perforating veins connect deep and superficial venous networks.



The venous system of the legs is schematically shown in Figure 2-4.
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Figure 2-4 Anatomy of leg veins!

Blood flow is generated by the contraction of the left ventricle? of the heart and is
determined by pressure gradient and resistance. Poiseuille's law can be employed to describe
the flow of blood through the vessels [40]:

Q=— Equation 2.2

In Equation 2.2, Q is blood flow, AP is the pressure difference between any two points, and R is
the resistance or impediment to flow encountered by blood as it moves through the body.
Resistance is directly proportional to the vessel length and blood viscosity, and inversely
proportional to the fourth power of vessel radius [40].

Upon heart contraction, blood is forced into the systemic circulation with the highest
pressure in the arteries. When blood flows through the vasculature pathway, its pressure declines,
especially in the arterioles with small radii and high resistance [37]. The variation of different

components of blood pressure in the vessels of the body is depicted in Figure 2-5.

' reproduced from [100]

2 A ventricle is one of the two lower chambers of the heart. The right ventricle receives deoxygenated blood
from the right atrium and pumps it to the lungs or pulmonary circulation. The left ventricle receives
oxygenated blood from the left atrium and pumps it to the systemic circulation.
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Figure 2-5 Blood pressure throughout different vessels!

In Figure 2-5, systolic blood pressure (SBP) is the maximal pressure as blood gets ejected from
the left ventricle, diastolic blood pressure (DBP) is the lowest pressure just before ventricular
ejection when the left ventricle is relaxing and refilling, pulse pressure (PP) is defined as the
difference between SBP and DBP, and mean arterial pressure (MAP) represents the average
blood pressure in the arteries or the driving force for blood flow in the arterial system. The following

relationships are used to calculate PP and MAP [37]:

PP = SBP — DBP Equation 2.3

1 .
MAP = DBP + §PP Equation 2.4

The blood volume traveling back to the right atrium?2 of the heart from the systemic veins
is referred to as venous return. Poiseuille's law (Equation 2.2) can be used to determine the rate
of blood flow everywhere in the body. When applying this equation to venous return, the pressure
gradient is the difference between mean systemic pressure (=7 mmHg) and right atrial pressure
(=0 mmHg), and the resistance equals systemic vascular resistance (SVR), or total peripheral
resistance (TPR), through the entire systemic circulation excluding the pulmonary vasculature.
As shown in Figure 2-5, by the time oxygen-depleted blood reaches the venous system, it is so
low in pressure, and consequently, the pressure gradient between the veins and heart is

insignificant (<10 mmHg). However, according to Poiseuille's law, pressure difference is one of

I adapted from [99]

2 An atrium is one of the two upper chambers of the heart for blood collection. The right atrium collects
deoxygenated blood from the systemic circulation and pumps it to the right ventricle. The left atrium
receives pulmonary oxygenated blood from the lungs and forces it to the left ventricle.
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the main determinants of continuous flow, therefore veins require further assistance to push blood
back to the heart; particularly in the standing position while counteracting the force of gravity.
There are a number of factors that function concomitantly towards promoting venous return,

among which vein valves and skeletal muscle pump are two of the key parameters [41]:

o Vein Valves: Unlike arteries, veins contain one-way valves with two thin flaps of tissue that
prevent backflow by allowing venous blood to move only in one direction from the
superficial venous network to the deep veins, and from the feet towards the heart.

o Skeletal Muscle Pump: The calf muscle pump is responsible for approximately 90% of
venous return from the legs to the heart, in addition to the negative pressure produced in
the thorax because of inhalation [23]. As indicated previously, some of the veins are located
within muscle groups. During locomotion, such as walking and running, the veins undergo
alternative compression and decompression upon calf muscle contraction and relaxation.
When muscles contract, they exert pressure on the veins by squeezing them. As a result
of pressure increase, blood flows upwards, opening the one-way valves superior to the
contracting muscles. Concurrently, the valves inferior to the muscles get closed and stop
blood from flowing backwards [37]. The simultaneous action of the skeletal muscle pump

and vein valves enhances venous return, which is schematically presented in Figure 2-6.

Superior
Valve Open
Valves
Closed
Valve Closed
(@) Inferior

Figure 2-6 Mechanism of action of calf muscle pump and vein valves in venous return?
(a) muscle relaxed, (b) muscle contracted
The black arrow indicates blood flow direction.

"' reproduced from [99]
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Role of Venous Return in Regulating Blood Pressure

As highlighted in the previous section, Equation 2.4 presents the mean arterial pressure
as a function of diastolic and pulse pressures. The MAP can also be determined by cardiac output
(CO), total peripheral resistance, and central venous pressure (CVP) [37]:

MAP = (CO X TPR) + CVP Equation 2.5

The term cardiac output describes the volume of blood ejected into the systemic circulation per
minute by the left ventricle (mL/min), and central venous pressure is defined as blood pressure in
the veins near the right atrium, therefore CVP and right atrial pressure are the same. Since CVP
is usually close to 0 mmHg, Equation 2.5 can be simplified to [37]:

MAP = CO X TPR Equation 2.6

It can be seen that MAP is affected by the changes in CO or TPR. Figure 2-7 summarizes a

number of the parameters that control cardiac output and total peripheral resistance.
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Figure 2-7 Factors affecting blood pressure regulation
Red and blue arrows indicate increase and decrease, respectively.
Increase/decrease in cardiac output results in increased/decreased blood pressure.
Cardiac output equals the product of stroke volume and heart rate. Stroke volume (SV) is the
blood volume pumped out of the left ventricle per heartbeat (mL/beat), and heart rate (HR) is

simply the number of beats per minute (beat/min) [37]:
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CO =SV X HR Equation 2.7

Equation 2.7 shows that the changes in heart rate or stroke volume lead to increase or decrease
in cardiac output. According to the Frank-Starling mechanism, stroke volume itself alters in
response to the changes of venous return. When the amount of venous return increases, the
central venous pressure and consequently the ventricular filling volume (or end-diastolic volume)
increase, hence preload, which is the initial stretching of the heart prior to contraction, rises. As a
consequence, the heart contracts with a stronger force, ejecting more blood, thus increasing the

stroke volume. Conversely, decreased venous return leads to a decline in stroke volume [37].

2.1.3. Venous Disease Pathophysiology and Sequelae

Despite the various manifestations of CVD and CVI, it seems likely that all of the symptoms
share the same trigger, which is prolonged higher than normal venous pressure, or sustained
venous hypertension. Lower leg venous pressure is determined by two components; a hydrostatic
component due to the weight of the blood column from the right atrium to the point of interest, and
a hydrodynamic component generated by the action of calf muscle pump and the capillary
network pressure [17]. Upon a postural change from lying to standing, a large volume of blood
redistributes to the lower extremities because of gravitational forces [23, 42, 43]. Since the veins
are more compliant’ than the arteries, most of the shift in blood volume happens in the lower
limbs’ venous system [37]. Hence, a significant increase occurs in the volume of the veins and
hydrostatic pressure reaches around 80-90 mmHg in static standing without any skeletal muscle
activity [17]. In addition to increased venous pooling, thoracic venous blood volume and
consequently central venous pressure decrease, leading to a decline in ventricular filling pressure
(preload). This results in stroke volume fall by the Frank-Starling mechanism, and ultimately

decreases cardiac output and arterial blood pressure [37].

' The ability of a vessel to increase volume and expand when the transmural pressure (inside minus outside
pressure) increases is defined as vascular compliance (C). Compliance can be quantified by dividing

volume change by the change in pressure: C = i—z [37].
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Figure 2-8 Effect of gravity on venous pressure during motionless standing in a healthy individual

The manometers on the left of the figure indicate the height to which a column of blood in a tube would rise
if connected to (A) an ankle vein, (B) the femoral vein, and (C) the right atrium, with the subject in the
standing position. The approximate pressure in these locations in the recumbent position, i.e. when the
ankle, thigh, and right atrium are at the same level, are (A) 10 mmHg, (B) 7.5 mm, and (C) 4.6 mmHg [44].

When a healthy individual stands up, mean arterial pressure is restored through the rapid
activation of autonomic reflexes, including vasoconstriction (or narrowing of blood vessels by
small muscles in their walls), increased total peripheral resistance, decreased venous
compliance, and increased heart rate [38]. Moreover, during ambulation in a normal person,
venous pooling and reduced venous return are speedily compensated due to the proper function
of venous valves and calf muscles [37]. Therefore, the accumulated blood in the legs gets
propelled towards the heart and venous pressure is restored to about 30 mmHg in 20-30 seconds;

this is referred to as the ambulatory venous pressure (Figure 2-9) [23, 45].

In the absence of compensatory mechanisms, standing upright can result in various
venous complications in the lower extremities in addition to orthostatic hypotension (OH) and
syncope [37]. OH is defined as a sustained reduction in systolic blood pressure 220 mmHg or
diastolic blood pressure 210 mmHg within three minutes of standing [43]. Syncope, or fainting,
refers to a short transient loss of consciousness and postural tone followed by a spontaneous
recuperation [46]. When venous return is impaired for any reason, retrograde flow, or reflux, may
arise in the superficial or deep venous systems, the perforating veins or any combination of these,
therefore venous pressure decline associated with ambulation gets attenuated and pressure rise
during standing occurs more rapidly, resulting in venous hypertension [17, 23, 29, 47]. One out of
4 pathophysiological mechanisms can cause venous hypertension: (1) valves dysfunction in the

superficial and/or perforating veins because of congenital or acquired incompetence, (2) valves
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dysfunction in the deep venous system because of congenital absence, inherent weakness, or
thrombotic damage, (3) obstruction of deep venous outflow, and (4) muscle dysfunction and calf

muscle pump failure [29, 30].
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Figure 2-9 Fluctuations in distal calf venous pressure during static standing and walking?
The lowest mean pressure during walking at the site of measurement is referred to as the ambulatory
venous pressure (AVP). The time interval between the termination of walking until the vein pressure
reaches the pressure level at motionless standing is called the recovery time (RT), or venous refill time.
The AVP at the distal calf and RT are about 30 mmHg and 20-30 s in healthy subjects, respectively [45].

Unabated venous hypertension interrupts the balance of the pressures inside and outside
the capillaries, makes them more permeable, and enhances filtration [20, 23]. In other words, the
net transcapillary filtration rate surpasses the lymphatic drainage rate [45]. If not adequately
compensated, the exacerbation of venous pooling and capillary filtration results in dilated veins,
accumulation of fluid in the tissue (oedema), inflammation, leg pain, changes in skin and
subcutaneous tissues, and ultimately ulceration [17, 23, 29]. Furthermore, decreased venous
return upon upright posture may lead to sudden reductions in blood pressure (orthostatic
hypotension) and blood flow to the brain. Due to cerebral hypoperfusion?, syncope (or fainting)

occurs [46].

I'adapted from [45]
2 Cerebral hypoperfusion is defined as a drop in oxygen-rich blood supply to the brain.
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Figure 2-10 Hemodynamics of hypotension-induced syncope?
Red and blue arrows indicate increase and decrease, respectively.

2.1.4. Treatment of Chronic Venous Disorders

The principal treatment goals of venous disorders are to improve the symptoms, delay or
prevent recurrence, and correct the long-term complications, to the greatest extent possible [20,

29, 30, 48]. There are various treatment methods that can be categorized as follows [29, 49]:
o Conservative Treatment

e Leg Elevation: Elevating the legs is helpful in minimizing oedema.

¢ Pharmacological Therapy: Medications that improve blood flow through the vessels
may be used.

o Compression Therapy: The mainstay of conservative treatment is compression
therapy [22], which is the central focus of the current study and is described in more

details in section 2.2.
o Interventional Treatment

e Sclerotherapy: This procedure involves injecting a solution directly into the veins,
forcing blood to reroute through healthier vessels.
e Ablative Therapy: The use of thermal energy in the form of radiofrequency or laser

to obliterate the veins is referred to as ablative therapy.

o Surgical Treatment: A number of surgical procedures may be used to treat CVD and CVI,
such as removing affected veins, repairing damaged veins and valves, and replacing

diseased veins with healthy ones from other parts of the body.

The health care practitioners prescribe a suitable therapeutic strategy by taking into
account the conditions of the patient, including age, overall health, extent of the disease, and
tolerance to specific therapies [49].

I adapted from [38, 42]
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2.2. Compression Therapy in Leg Venous Disorders

The concept of applying an external pressure to the body to control, treat, and prevent
certain conditions has grown in various areas; including medical and non-medical fields. The

following examples show a number of situations with widespread application of compression:

o Orthostatic Intolerance: Ol refers to the development of signs and symptoms, such as
hypotension and light-headedness, during upright posture that are relieved by recumbence
[50]. Considering the potential of compression hosiery in improving blood circulation,
individuals with recurrent episodes of orthostatic intolerance are usually encouraged to use
pressure garments over the lower extremities and abdomen [1, 2].

o Postpartum Hemorrhage: Obstetric hemorrhage, which is the leading cause of maternal
mortality, especially in low-resource settings, can be decreased using the non-pneumatic
anti-shock garment (NASG) before the patient receives definitive treatment. The NASG is
a first-aid device made of articulated segments of neoprene and hook-and-loop fasteners
(also known as Velcro™) that squeezes blood to the vital core organs when tightly wrapped
around the legs, pelvis, and abdomen [3, 4].

o Burn Scars: Compression therapy is the most common non-surgical way of preventing
and treating hypertrophic burn scars' [5, 6]. Pressure garments restrict blood flow to the
damaged area and prevent hypertrophic scar tissue growth by applying constant
compression [6].

o Spinal Cord Injury: In individuals with SCI, the impaired function of the muscle pump and
sympathetic nervous system hinders blood redistribution, which in turn causes
complications during daily life activities, such as orthostatic hypotension [51]. Compression
garments that exert pressure on the lower extremities and abdomen have been proven to
be efficacious in improving blood circulation problems [52, 53]. Moreover, it has been
shown that inflatable external leg compression can prevent OH in SCI patients [51].

o Post-Surgical Operation: Deep vein thrombosis is a serious problem in recumbent
patients during surgery and postoperative period. It has been shown that compression
devices are capable of reducing DVT by inhibiting venous stasis in the lower limbs [7, 8,
9].

I A hypertrophic scar is a cutaneous condition where excess amounts of collagen form a raised scar on the
skin.
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o Sports: The use of compression products in athletics is on the rise due to their capability
of improving both performance and recovery in sportspeople [10, 11, 12]. The increased
blood flow rate, which is a result of external pressure, leads to a faster uptake of oxygen
and nutrients into the muscle cells, and a more rapid removal of metabolic by-products,
such as CO; and lactate [54].

o Aviation: During rapid ascent, acceleration forces in the head-to-foot direction cause blood
pooling in the abdomen and legs of aircraft pilots and astronauts, and G-induced loss of
consciousness. In order to improve the G-tolerance, pilots use anti-gravity suits, or G-sulits,
which are designed to exert external pressure on the body to counteract the gravitational
forces [13, 14].

o Spaceflight: Post-spaceflight orthostatic intolerance is a common problem in astronauts
upon returning to Earth and is defined as an inability to remain in upright posture while
maintaining adequate blood circulation to the brain [55]. Recent studies have shown that
commercially available compression garments are capable of mitigating the symptoms of

OT after spaceflight, including tachycardia, dizziness, hypotension, and pre-syncope [15].

What has been mentioned so far, represents a part of the applications of compression
therapy. In addition to the examples listed above, another indication for immense use of
compression therapy is leg venous insufficiency [16].

2.2.1. Concept and Effect of Compression Therapy in Venous
Insufficiency

Leg compression therapy, which refers to the benefits gained from externally compressing
the lower limbs, has been used for decades as the gold standard in the management of venous
disorders [19, 20, 21, 22]. Circumferential compression aims to reverse the detrimental effects of
venous hypertension via increasing the pressure on the skin and underlying structures, thereby
improving blood circulation [23]. This goal is achieved by affecting the venous, arterial and
lymphatic systems, along with the leg tissue through a series of mechanisms [22]. In the venous
system, an adequate level of compression improves venous pump; causes venoconstriction by
narrowing the venous diameter and increasing peripheral resistance; restores efficient closure of
valves by bringing the walls of the veins closure together; prevents or decreases deep and
superficial venous reflux; reduces venous pressure; increases blood flow and velocity in the deep
veins; decreases venous stasis; and alleviates venous pooling by counteracting the force of

gravity. Moreover, the applied compression enhances lymphatic drainage by elevating tissue
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pressure and reducing the pressure gradient between the capillaries and surrounding tissues,
thus facilitating the reintegration of interstitial fluids into the intravascular space and reducing
oedema. The aforementioned impacts provide the conditions necessary for wound and ulcer
healing [20, 21]. In addition to these effects, blood gets squeezed from the lower body towards
the central circulation and venous return is promoted, resulting in augmented preload and cardiac
output [22].

2.2.2. Compression Therapy Terminology

External pressure can be applied to the lower extremities by means of different
compression modalities, including bandages, stockings, Velcro™ devices, and mechanical pumps
[56]. To fully understand these modalities and their mechanism of action, first it is necessary to

have a sound knowledge of the related terminology:

o Elasticity and Extensibility: The elasticity of a bandage refers to its ability to be restored
to the original length after tension® release. In lieu of elasticity, extensibility, which is the
ability of the bandage to stretch upon applying force, is frequently adopted internationally
in classifications. Expressed as a percentage of the initial length, extensibility is defined as
bandage elongation under a load of 10 N/cm [49].

o Sub-bandage/Interface Pressure: Mathematically governed by Laplace’s law, this term
refers to the pressure between the compression garment and the skin, and is directly
proportional to the number of layers and bandage tension during application, but inversely
proportional to the leg’s radius of curvature and bandage width [23, 25, 57]. Complex
interactions between four factors determine the amount of sub-bandage pressure;
including properties of the garment, geometry of the limb, skill of the operator, and physical
activities and posture of the user [20, 25]. The interface pressure partly declines from the
surface of the limb towards deep veins [22].

o Graduated Compression: When sub-bandage pressure gradually decreases over the
length of the garment from the lower to upper leg, a graduated pattern is produced with the
highest amount at the ankle and smaller values at proximal parts. Graduated compression
prevents retrograde flow of blood downwards to the feet and ensures that blood moves in

the direction of upper body [58]. Considering the law of Laplace, if a bandage is applied

! The bandage tension is the force exerted to the fabric during application [25].
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with a constant tension all the way up the leg, a descending compression gradient will

automatically be achieved as the circumference of the leg increases progressively [25].

Figure 2-11 Graduated compression on lower leg

o Stiffness: The capacity of a bandage to resist to muscle expansion during contraction is
referred to as stiffness. In other words, stiffness is the interface pressure increase (in
mmHg) per centimeter of circumference increase of the limb [49]. Stiffness of a
compression device reflects its elasticity [59].

o Long-stretch, Short-stretch, and No-stretch Systems: Long-stretch materials are made
of elastic fibers that make them highly extensible, whereas short-stretch materials are
comprised of few or no elastic fibers with a considerably low extensibility [20, 23, 25].

Table 2-1 Definition of inelastic and elastic bandages based on in vitro tests?

Inelastic - » Elastic
Bandage Type —
No-stretch (Rigid) ~ Short-stretch ~ Long-stretch
Extensibility (%) 0-10 10-100 >100

Capable of adapting to the circumferential changes in the legs, long-stretch bandages
minimally influence the interface pressure when small alterations occur in their extension.
This is particularly helpful when the limb size changes as a result of oedema reduction.
Whereas with short- and no-stretch materials, sub-bandage pressure undergoes large
fluctuations upon slight changes in leg geometry [25, 60]. The incapability of these
bandages to accommodate to the decrease in limb circumference leads to pressure drop
over the course of the treatment, which consequently increases the risk of slippage and
necessitates the need for frequent re-applications to maintain adequate compression [20].
However, inelastic bandages have been proven to affect the deep venous system

significantly. On the contrary, elastic bandages primarily influence the superficial venous

I'adapted from [64]
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hemodynamics [60, 61]. Mosti et al. investigated the effect of elastic and inelastic
compression bandages in 30 patients with venous insufficiency and major venous reflux.
They concluded that inelastic compression is much more efficacious in normalizing venous
pumping function [62].

Passive/Dynamic and Active/Static Compression: Passive and active compressions
are delivered by inelastic and elastic bandages, respectively. Inelastic systems produce
little or no pressure in rest, making them tolerable for several days. Moreover, the bandage
serves as a rigid container and counteracts the increasing muscle volume during
contraction, creating a pressure force that is called working pressure. Elastic systems
create high resting and working pressures. Therefore, they might be intolerable for
immobile or bedridden individuals [21], which requires the bandage be removed in a supine
position.

Single- and Multi-Component Bandages: Compression systems may consist of elastic
or inelastic fibers, i.e. single-component, or both fiber types, i.e. multi-component [63].
Combining different bandage materials influences not only sub-bandage pressure but also
stiffness [64]. It has been shown that single-component systems are less effective than
multi-component compression [63]. The supremacy of the latter system is that sustained
pressure is provided by the elastic fibers, and high working and low resting pressures are
secured by inelastic fibers, in other words, multi-component systems are a combination of
active and passive compressions [25].

Single- and Multi-Layer Bandages: Multi-layer compression is achieved by applying the
bandage in an overlapping manner [16]. These systems consist of more than two layers of
either a single material or different components [64]. In practice, there is always some
degree of overlap during bandage application, therefore single-layer bandaging does not
exist [64]. Multi-layer and multi-component systems have different mechanical properties
compared to the individual constituents which form them, making in vitro elasticity
assessment complicated. As a result, another parameter, namely static stiffness index, is
used for in vivo characterization of different bandages [64].

Static and Dynamic Stiffness Indices: The static stiffness index (SSI) of a bandage refers
to the difference in sub-bandage pressure from the lying to standing position measured at
the transition point of the Achilles tendon to muscle, i.e. the site that exhibits the highest
circumferential increase by standing [56]. SSI values of higher and lower than 10 mmHg
correspond to inelastic and elastic materials, respectively [59]. The dynamic stiffness index

(DSI) is the stiffness of a bandage during walking [49]. In a study by van der Wegen-Franke
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et al., a positive correlation was found between the static and dynamic indices of 18
different brands of compression stockings tested in different conditions, and it was
concluded that the DSI does not have any additional value over the SSI in classifying
medical stockings [65].

Unlike low-SSI systems, bandages with a high SSI, such as inelastic systems and multi-
layer compressors, produce intermittent high pressure peaks during ambulation, called the
massaging effect [23]. This pressure is beneficial in reducing retrograde blood flow, as it
creates venous occlusion by mimicking the closing action of the venous valves [20, 41].
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Figure 2-12 Interface pressure values and fluctuations in bandages with different stiffness values?!

o Bandage Classification: According to what has been said so far, compression systems
can be categorized based on their pressure level, elasticity, number of layers, and
components. In this classification, pressure level refers to the amount of the generated
pressure at the ankle of a model limb during laboratory testing and varies from one country
to another. The World Union of Wound Healing Societies (WUWHS) has proposed the
classification represented in Figure 2-13 for compression level [66].

I adapted from [95]
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Classification

| Pressure |

Layers | | Components | Elasticity

Mild (<20 mmHg)
Medium (20-40 mmHg)
Strong (40-60 mmHg)
Very Strong (>60 mmHg)

[- Single-layer] [- Single-component]

Elastic

= Multi-layer * Multi-component Low Stiffness

High Stiffness
Inelastic

Figure 2-13 Classification of medical compression systems?

2.2.3. Review of Compression Therapy Modalities

Currently, there are various types of compression therapy systems for the management
of leg venous insufficiency and the associated complications. In the sections ahead, these
modalities are explained, along with their mechanism of action, advantages and disadvantages.

Compression Bandages/Wraps

Compression bandages are long strips of fabric that can be wrapped around the leg in a
single- or multi-layer fashion [23]. Some of the pros and cons of medical bandages are mentioned

in the previous sections.

Figure 2-14 Compression bandage?

Graduated Compression Stockings/Hosiery

Available in different sizes, lengths, and strengths, medical compression stockings are

single-layer elastic knitted garments with the same shape as human leg [23], and are the most

! reproduced from [66]
2 reproduced from [101]
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common form of compression modalities for leg oedema [31]. Despite of self-applicability,
stockings can be hard to put on, which makes it necessary to use assistive donning aids [16].
Compression stockings have restricted pressure and stiffness, which diminishes their efficacy in
enhancing venous hemodynamics [56]. In a study by Mayberry et al. on 16 patients with venous
insufficiency, below- and above-knee 30-40 and 40-50 mmHg gradient elastic compression
stockings were shown not to improve deep venous hemodynamic parameters, including
ambulatory venous pressure, venous refill time, maximum venous pressure with exercise, and
amplitude of venous pressure excursion. Finally, the beneficial effect of elastic stockings was
attributed to their impact on the superficial venous system [67].

Figure 2-15 Compression stocking along with donning tool?

Adjustable Velcro™ Compression Garments (AVCGS)

AVCGs are inelastic compression modalities that consist of multiple straps, equipped with
hook-and-loop fasteners. The straps make the device self-applicable and enable the user to
control and adjust the applied pressure to a comfortable level when the AVCG becomes loose
[16, 56]. Mosti et al. compared the effectiveness and comfort of Velcro™ garments to inelastic
bandages, which are routinely used in lessening chronic venous oedema. The AVGCs were found

to be more effective in oedema reduction, with comparable patient comfort [68].

' reproduced from [102]
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Figure 2-16 Adjustable Velcro™ compression garment?

Mechanical Pumps

Another category of compression devices are mechanical pumps, which can be split into

the following subgroups:

o Intermittent Pneumatic Compression (IPC): IPC systems have been well-proven in
various studies to be effective in venous flow augmentation [69, 70], DVT prevention [70,
71, 69] and lymphoedema? reduction [72]. Unlike medical bandages and compression
hosiery that passively enhance venous return, IPCs actively pressurize the limbs. In these
devices, the inflation and deflation of single- or multi-chambered pneumatic cuffs, which
are connected to an air pump, resembles the natural rhythmic muscle contraction and
relaxation during movement [72, 73]. The working characteristics of IPCs, including the
implementation site; pressure cycle, amplitude, rise and fall times; and chamber inflation
sequence differs between the manufacturers and depends on the application [7, 72]. As
represented in Figure 2-17, most of IPC devices have electrically driven air compressors,

and a few function with battery-operated pumps.

' reproduced from [106]
2 Lymphoedema refers to a type of swelling that occurs in the limbs due to an impaired lymphatic system.
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Figure 2-17 Three different pneumatic compression devices!
(a) circumferential calf-length IPC with electrical pump, (b) non-circumferential calf-length IPC with
electrical pump, and (c) non-circumferential calf-length IPC with battery-operated pump

The circumferential cuffs pressurize the whole limb upon inflation, usually need large powerful pumps
and have slow inflation rates. Whereas the non-circumferential pumps require smaller input of air.

As the name implies, IPC systems generate intermittent pressure, which makes them

suitable to be used during periods of patient rest (when there is no calf muscle pump) rather

than ambulation [16, 72]. Depending on the device’s brand, the compression takes different

forms, which are schematically depicted in Figure 2-18.
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(a) (b) (c)
Figure 2-18 Different compression modes in intermittent pneumatic devices
(a) uniform compression, (b) sequential compression, and (c) graded sequential compression

o Hybrid Pumps: Unlike IPCs that only deliver intermittent pressure, hybrid devices
generate both intermittent pneumatic compression (beneficial during rest) and sustained
gradient pressure (useful in ambulation) in order to achieve a better treatment [16]. As far
as the author is aware, the ACTitouch® system (Tactile Medical, Minnesota, USA) is the
only hybrid pump available in the market, which uses pneumatic technology to exert

controlled gradient compression to the lower extremities. In a study by Harding et al.,

' reproduced from [107, 108, 109]
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ACTitouch®was shown to be as effective as a conventional four-layer bandage in healing
leg venous ulcers but with better acceptance in terms of tolerability and quality-of-life
improvement [74]. Although possessing great characteristics, this device is limited to two
pressure paradigms with fixed values as follows: sequential intermittent compression of 50
mmHg at the foot and ankle, 45 mmHg at the mid-calf and 40 mmHg at upper calf; and
sustained gradient compression of 40 mmHg at the foot and ankle, 30 mmHg mid-calf and
20 mmHg at upper calf [74].

Figure 2-19 ACTitouch® hybrid compression device?

o Non-pneumatic Pumps: To the best of the author’s knowledge, the only constituent of the
last group of mechanical pumps is Venowave (Saringer Life Science Technologies Inc,
Stouffville, Canada). The Venowave system, as shown in Figure 2-20, is a portable
peristaltic pump, consisting of a rotating gear-motor attached to a flexible sheet. Upon
motor rotation, a repetitive waveform motion is generated, which produces upward
volumetric displacement, increasing blood flow. According to the manufacturer’s claims,
this device is useful in oedema, DVT preventions, venous insufficiency, and athletic

enhancement to name a few.

Figure 2-20 Venowave peristaltic pump?

' reproduced from [103]
2 reproduced from [104]
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Different types of the existing compression therapy modalities, along with their advantages

and disadvantage are summarized in Table 2-2.

Table 2-2 Comparison of current compression therapy modalities?

Type Stiffness Advantage Disadvantage Example
Trained bandager,
Inelastic Very High working pressure, Non-adaé)ltilveatoechanges, Zinc paste
High Well-tolerated in rest ppage, (Unna’s boot)
Frequent re-application,
Pressure loss over time
S Trained bandager,
e - i ®
= Short-stretch . High working pressure, Non adaptllve to changes, LaStO'aF‘ ’
~ : High . Slippage, Acrylastic®,
o | single-layer Well-tolerated in rest F I G
S requent re-application, Comprilan
§ Pressure loss over time [75]
m
= Self-applicable [56], Tensopress®
Long-stretch High working pressure, High resting pressure, '
X Low . . Setopress®,
single-layer Adaptive to changes, Intolerable during rest Surepress™
Little pressure loss over time P
High working pressure, Actico®,
Multi-component High Well-tolerated in rest, Trained bandager Profore®,
Adaptive to changes Urgo KTwo®
Difficult to don, , ,
. Various brands:
, Non-adaptive to changes,
. Self-applicable, ) i . Jobst,
(2) Stocking Low s C Low efficacy in improving .
Possibility of daily skin care . Mediven,
venous hemodynamics [56], Siqvaris
Fitting problems [31] g
(3) Adjustable Moderate Self-applicable,
. . Self-adjustable, Not appealing CircAid®
Velcro™ device to High s Lo
Possibility of daily skin care
Bulky,
Self-applicable, Not appealing, VenaPro™
Pneumatic Variable Self-adjustable, Non-ambulatory use, Me dshooIaT’M
o Possibility of daily skin care Need for air pump,
§ Difficulty of portability
-§ gz:;:gr;l Isizlt))llzl Limited pressure range,
S Hybrid Variable -ad) ’ Bulky, ACTitouch®
S Adaptive to changes, Not abpealin
= Possibility of daily skin care ppealing
S
Self-applicable, Limited to peristaltic mode,
Non-pneumatic | Variable Self-adjustable, Bulky, Venowave

I adapted from [16, 96]

Possibility of daily skin care
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2.2.4. ldeal Compression Therapy System

The benchmarks for a perfect compression system include clinical efficacy; capability of
delivering and sustaining targeted compression levels to empty the veins and prevent refilling
[22]; calf muscle pump enhancement; comfortability; conformability to various limb sizes and
shapes; ease of application and training; and durability to name a few [60]. Moreover, an ideal
device generates tolerable resting pressure, and high working pressure, in excess of 50 mmHg,

to markedly reduce ambulatory venous hypertension [22, 56].

2.3. Interface Pressure Measurement

The efficacy of compression therapy as an intervention in treatment and prevention of leg
venous and lymphatic disorders relies on the amount of exerted pressure to the limbs [26, 56],
and the right way of bandage application [20, 23]. Sub-bandage pressure needs to be in specific
ranges, which is governed by the severity of the disease and patient’s conditions. If the applied
pressure is insufficient or non-sustained, it leads to a less effective treatment, and if the pressure
is excess, in addition to intolerability, tissue damage occurs [41, 64]. In order to resolve such
problems and ensure that the patients receive the full treatment benefits, the interface pressure
between the leg and the compression system should be monitored in vivo during static and
dynamic conditions, i.e. during rest and movement. Knowing the quantity of sub-bandage
pressure can be used not only to characterize the effectiveness of different compression devices
and compare them, but also to help physicians in providing their patients with an optimal medical

care and expediting the treatment process [76].

Various types of measurement systems can be used for the purpose of monitoring the
interface pressure, including resistive, capacitive, pneumatic, piezoelectric, and piezoresistive. An
ideal measurement system is biocompatible (not causing skin irritation when left in contact with
the skin for extended periods of time), thin (less than 0.5 mm in thickness), flexible yet insensitive
to bending, conformable to leg’s curvature, durable, accurate, linear, resistant to physical changes
(insensitive to temperature and humidity changes), and has simple electronics, low hysteresis,
low cost, suitable resolution (time<0.1 sec, amplitude<0.1 mmHg), continuous output, and little

creep [26].
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2.4. Summary

The main purpose of this chapter was to address the pathophysiology of chronic venous
disorder and its most common non-pharmacological treatment approach, i.e. compression
therapy. To summarize, the one-way valves in the leg veins, along with the calf muscle pump
action during contraction and relaxation, play a vital role in expelling blood from the lower
extremities towards the heart and promoting venous return. In the presence of venous
insufficiency, this function, for any reason, is disturbed. Hence blood accumulates in the vessels,
causing elevated venous pressure. Failure to redress this condition leads to successive,
enervating complications, including varicose veins, pain, limb swelling, skin changes, and
ulceration. Another consequence of reduced venous return is less cerebral blood perfusion, which

eventually can result in fainting.

Compression therapy is one of the most promising treatments for venous insufficiency. In
this method, application of adequate external pressure over the limbs squeezes blood out of the
vessels, abolishing venous hypertension and augmenting blood flow. Medical wraps,
compression stockings, and mechanical pumps are well-known modalities for compression
therapy. Nonetheless, these products have disadvantages that influence their optimal
performance. In order to provide patients with better treatment, improved compression systems

should be developed.
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Chapter 3.  Design and Fabrication of ACS Prototype

The concepts explored in Chapter 2 were adequate to reach the conclusion that the
existing compression modalities have downsides, eclipsing their efficacy. Thus there is a need for
developing improved systems. This chapter is aimed at providing detailed information on the
efforts that were made towards the development of a novel compression therapy device with the

potential to elevate the problems of the current systems and improve the treatment procedure.

3.1. Design Objectives

A number of objectives were set to smooth the design process. The goal was to have a

device which was:

1. easy to apply, hence eliminating the need for a trained bandager;

2. capable of producing gradient pressure modes, including constant and intermittent
compression, that decrease from ankle to upper calf (distal to proximal);

3. able to sustain constant tension in the garment, thereby creating a pressure gradient up
the leg;

4. adaptive to the changing physiological conditions of the user;

5. usable during stasis (including recumbence and passive orthostasis) and ambulation; and

6. safe.

3.2. Conceptual Design

In the next step, a conceptual design was developed to satisfy the foregoing objectives.
One plan that seemed to fulfil the desired expectations was a garment with a motorized lacing
system. In this design, which is schematically shown in Figure 3-1, an electrical motor is used for
tightening and loosening a piece of fabric through guided laces to pressurize and depressurize
the lower leg. In the back, the garment is equipped with pieces of hook-and-loop fastener, or

Velcro™, which makes it easy to don the device and gratifies the first objective.
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Electrical Motor &
Dependent Equipment

Lace

Fabric —e

—— Lace Guides

Figure 3-1 Conceptual design of compression garment

The lacing system, including the electrical motor, lace, and lace guides, are attached to
the front of the instrument that will be placed on the leg shin. Employing such a system not only
empowers the device to exert various compression types on the calf by controlling the motor
operation, but also makes it feasible to maintain a constant tension in the lace, therefore producing
a gradient pressure up the leg. This feature meets the second and third objectives. In order to
prevent the lace from getting entangled while the motor is switched either on or off, a housing was
designed in SolidWorks2014 (Dassault Systémes SolidWorks Corporation, Massachusetts, USA)
along with a spool to be placed inside it. The corresponding mechanical drawings can be found
in Appendences A and B. The lace passes through two embedded holes on the sides of the
housing and winds around the freely rotating spool, therefore the housing restrains entanglement.

Housing

Embedded

Electrical
Hole Lace Shaft Motor

Figure 3-2 Lacing system of compression garment

As previously mentioned, the incapability of the current compression therapy products in
adapting to the physiological changes of the user stems from the fact that they are not equipped
with any technology to sense these changes. This issue can be tackled by utilizing interface
pressure sensors between the leg and compression garment. The sensors measure the applied

pressure and its alterations due to physiological changes, and provide a feedback, which in turn
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can be employed to adjust and control the motor’s operation towards re-setting the desired

compression. This feature makes the garment adaptive to changes, satisfying the fourth goal.

Although the electrical motor and its dependent equipment are slightly bulky, the

compression system is still appropriate to be used in stasis and ambulation. Moreover, the device

is totally battery-operated, guaranteeing its safety. These two properties fulfil the fifth and sixth

objectives, respectively. Considering that such a design meets all of the expected needs, it was

time to manufacture the ACS.

3.3.

Prototype Requirements

Prior to manufacturing the proposed conceptual design in section 3.2, the required parts

were prepared, most of which were off-the-shelf components:

@)

Fabric: A non-stretchable yet flexible piece of fabric was used in the ACS. It was flexible
enough to allow for normal movements, and sufficiently non-stretchable to provide the
needed pressure.

Velcro™: Because of its ease of use, hook-and-loop fastener has been used extensively
where a temporary bonding is needed. For the same reason, adhesive Velcro™ was
utilized for the purpose of compression garment fastening.

Electrical Motor: The thin-walled pressure vessel theory was used to calculate the needed
amount of motor torque which met the requirements of the study. The designed garment
was assumed to form a thin-walled cylinder of radius R and thickness t (R /t > 10) loaded
by internal pressure of p. The garment is subjected to two types of stresses; including
longitudinal and circumferential (or hoop) as shown in Figure 3-4. It has to be mentioned
that considering the thin-walled assumption, the magnitude of the radial stress is very small

and can be neglected.

210]0

Longitudinal

StreSS Stress
5
OH

Twall 2R Twall

Figure 3-3 Half of thin-walled cylinder subjected to internal pressure
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The hoop stress or gy can be expressed by Equation 3.1:

oy = Equation 3.1

Where, gy is hoop stress in newton per square meter (N/m?), p is internal pressure in
pascal (Pa) which is equal to the interface pressure applied by the garment, R is the
garment or limb radius in meter (m) assuming that the lower leg has a cylindrical shape,
and t is the garment thickness in meter (m).

The hoop stress can be written in terms of the tension in the wall of the ACS:

T, T,
oy = et - “wall Equation 3.2

L is the length of the garment (m).
As depicted in Figure 3-4, each lace guide applies force on the garment. The following
equality holds between the wall tension and these forces, wherein n corresponds to the

number of the guides at each side of the fabric:

Twan = n X Fgyige Equation 3.3

Figure 3-4 Forces on compression garment

The extracted Fj,,;4, from Equation 3.3 can be used to find the lace tension, which in turn

is useful in calculating the motor torque.

Fouia .
T - __gwude Equation 3.4
lace ™ 2 % cosa a

T=71XTce Equation 3.5
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In Equation 3.5, T is torque in newton meter (Nm) and r is the moment arm or spool radius
in meter (m).

Equations 3.1 to 3.5 were utilized to calculate the required motor torque suitable for the
purpose of the current study. Based on the calculations, a DC motor (Pololu Corporation,
Nevada, USA)" with a gear ration of 131:1 intended for operation at 12 V was selected.

The specifications are available in Table 3-1.

Table 3-1 Electrical motor specifications

Gear ratio | Weight (g) Shaft diameter Free-run Free-run Stall current | Stall torque
ght{g (mm) speed (rpm) | current (mA) (mA) (N.m)
1311 | 205 | 6 | s | 30 | 500 | 177

Motor Driver: An L298 dual H bridge module (OSEPP, British Columbia, Canada)? was
used to drive the motor. The driver was capable of controlling the motor direction and speed
when used with a controller. It should be pointed out that two driver modules were used in
total; one for each motor.

Mounting Hub: A universal hub (Lynxmotion, Vermont, USA)3 was used to mount the
custom spool to the motor shaft.

L-bracket: In order to fix the motor to the garment, a lightweight aluminium L-bracket
(Pololu Corporation, Nevada, USA)* was utilized, which weighed 11 g.

Lace and Guide: In the preliminary prototypes of the compression device, a steel lace,
along with nylon guides (Boa Technology Inc., Colorado, USA)® were used. The lace had
a high tensile strength and was coated with a plastic layer, which was effective in reducing
friction. Although the lace seemed to have the desired properties, in terms of strength and
smoothness, to be used in the compression gadget, it was replaced with a 4-ply fishing line
in the final prototype. The reason for this substitution was that upon motor rotation, the
steel lace hardly got unwound without manual intervention. A similar but much less severe
problem existed with the fishing thread, with the exception that there was no need to

manually loosen the garment.

I www.pololu.com/product/1107

2 osepp.com/products/breakout-board/motor-driver-module

3 www.robotshop.com/ca/en/lynxmotion-hub-02-universal-hub.html

4 www.pololu.com/product/1084/specs

5 www.boatechnology.com
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o Spool and Housing: In section 3.2, the conceptual design of a spool and housing was
presented. The two parts were 3D-printed in ABS plastic, as shown in Figure 3-5, and used

in the compression system.

o Ky

(b)

Figure 3-5 3D-printed parts
(a) spool, (b) housing in two different views

The spool and housing were fixed to the mounting hub and L-bracket, respectively, using

screws through the embedded holes. The final configuration is depicted in Figure 3-6.

Electrical Motor
Housing and

Embraced Spool
L-bracket P

Figure 3-6 Configuration of mounted spool and housing to electrical motor

o Mounting Base: In order to fix the motor and dependent equipment to the fabric, a rigid
structure was needed on which these compartments could be mounted. The structure had
to be strong enough not to bend due to the weight of the parts attached to it. Two different
mounting bases, including an acrylic sheet (known as Plexiglas) and a plastic shin guard,

were used for this purpose which is discussed in details in section 3.4.

3.4. Prototype Manufacturing

After procuring the required parts described in section 3.3, the next step took place which
was manufacturing. Two prototypes were fabricated before reaching the final design. Each of
them had some sort of deficiency that was fixed in the subsequent attempts. The following
sections will describe the detailed manufacturing processes of the two preliminary prototypes,

along with the final one.
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3.4.1. Preliminary Prototypes
15t Preliminary Prototype

Presented in Figure 3-7, the first prototype (ACS_v1) was fabricated in order to be used
in the sensor calibration process for pressurizing and de-pressurizing the FSRs® over a rigid
cylinder, which is thoroughly discussed in section 3.5.2. Since ACS_v1 was not intended for
human use, the electrical motor and dependent equipment were not mounted on the garment.
Instead, they were fixed to the experiment table using a C-clamp during the tests. In this
cylindrically-shaped prototype, the steel lace and a total of eight lace guides were used. Firstly,
every group of four guides was sewn to a thin polycarbonate sheet (known by the trademarked
name Lexan) 5 cm apart and the sheets in turn were sewn to the fabric, one at each side. The
Lexan sheet, which was 0.6 mm in thickness, was helpful in distributing the forces applied by the
guides and preventing possible damages to the fabric due to point loads.

ABS Pipe

Lexan Sheets

Lace Guide
30 cm

C-Clamp Electrical Motor

Figure 3-7 Front view of first prototype or ACS_v1 wrapped around ABS pipe

2" Preliminary Prototype

Unlike ACS_v1, the second prototype (ACS_v2) was shaped as a truncated cone to fit
well on cone-shaped surfaces such as human leg. Similar previously-mentioned Lexan sheets
with mounted lace guides were used in this prototype, along with the steel lace. For the purpose
of easy fastening, pieces of Velcro™ were adhered to the back of the garment. A Plexiglas sheet,
0.3 cm in thickness, was cut into an 18 cm by 5 cm rectangle with multiple holes, as depicted in
Figure 3-8d. The sheet was sewn to the front of the fabric as a mounting base for the electrical

motor and dependent equipment including the spool, housing, and aluminium L-bracket. The
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peripherally spread holes on the sheet were designed to provide various mounting options. Since
the Plexiglas sheet was in direct contact with the shin while the garment was donned on the leg,
a layer of adhesive padding foam was attached to it to provide protection and comfort. The final
configuration of ACS_v2 is represented in Figure 3-8.

43 —48 cm

Velcro™

(b)

Padding Foam

(©)

,,,,,,,,,,,,,,,,,,,,,,

Plexiglas Sheet
(d)

L LG e OO0 0OOG0000D000 3%

18 cm

Figure 3-8 Second prototype, or ACS_v2
(a) front view, (b) back view, (c) side view, and (d) Plexiglas sheet with multiple holes as mounting base

When tested on the human leg, although ACS v2 could successfully compress/de-
compress the calf to the desired values, several problems remained that needed to be fixed for
the sake of a better performance. The first drawback was that ACS_v2 pinched the anterior leg
flesh, causing an unpleasant feeling in the user. As can be seen in Figure 3-8, the garment
comprised of two pieces of fabric; a stationary piece and a moving one. Since the Lexan sheet
and mounted compartments were fixed to just one fabric piece, making it stationary, the other
piece slid on the shin, pinching it when the bandage was getting tightened. The second problem

was due to the mounting location of the electrical motor. The motor was placed at the top of the
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garment, with the spool and housing facing upwards. As a result, the bandage first got tightened
at the top and then at the bottom upon switching the motor on. This delayed action of pressurizing
was not desirable. The third and last problem which was mentioned previously, was the need of
manual intervention in loosening the steel lace completely. These shortcomings necessiated the

fabrication of an improved prototype that is described in the next section.

3.4.2.  Final Prototype

The final prototype (ACS_v3) was very similar to ACS_v2, with minor changes (Figure
3-9). The pinching problem was elevated by replacing the Lexan sheet with a soccer shin guard.
The guard was shaped to fit the leg. Moreover, it had a padding foam which eliminated the need
for extra protection. Unlike the Lexan sheet, the shin guard was not sewn to the fabric. As a result,
both fabric pieces could easily slide on the guard without pinching the leg. In ACS_v3, the
mounting location of the motor was changed to the middle of the shin guard, with the spool and
housing facing downwards. This configuration resolved the problem of delayed pressurizing which
existed in ACS_v2. Lastly, the steel lace was replaced by a 4-ply fishing line. This substitution
cancelled the need for manually loosening the garment. The final design conforms to various limb
sizes and shapes and is capable of generating graduated pressure with rising time of <2 seconds
and approximate maximal values of 160 and 180 mmHg over the mid- and lower calf, respectively.
ACS_v3 is referred to as ACS throughout the rest of the thesis.
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Figure 3-9 Third and final prototype, or ACS_v3
(a) front view, (b) back view, and (c) side view

3.5. Interface Pressure Measurement System

3.5.1. Measurement System Specification Terms

Researchers employ a variety of terminologies to describe measurement systems and

their performance. A number of them that were used in the current study are described below.

o Calibration: Calibration is defined as comparing the output of a measurement system
against standards of known accuracy [77].

o Full Scale (FS): FS refers to the difference of maximum and minimum values of the input
or the span of the output measured for the input span. In this study, the value of FS is
stated before being used in the calculations [77].

o Hysteresis Error: This term refers to the difference in the output of a measurement system

given for the same input value when this value is approached from opposite directions, i.e.
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3.5.2.

ascending order or loading, and then descending order or unloading. This error is usually

guantified in terms of maximum hysteresis as a percentage of FS [77]:

|Outputloading - Outputunloading'

F Soutput

max Ehysteresis = max( ) % 100 Equation 3.6

The maximum hysteresis error is referred to as hysteresis error throughout the rest of the
thesis.

Repeatability Error: This term shows the capability of a sensor to produce the same
results for repeated measurements with the same input value. It is often quantified as the

percentage of FS [77].

OULPULyp 1 — OULPUL yp 2

max Erepeatability = max( ) x 100 Equation 3.7

F Soutput

Henceforth, the maximum repeatability error is referred to as repeatability error.
Accuracy: The accuracy of a measurement system is the extent to which its reading might
be wrong and far from the true value due to all the possible errors. In this thesis, accuracy
represents the combined errors of hysteresis and repeatability and is calculated using
Equation 3.8 [77]:

2 2 i
Accuracy = \/Ehysteresis + Erepeatability Equation 3.8

Relative Error: The absolute difference between the true output and the measured output
divided by the true output is referred to as the relative error. In the current study, the true
output is the input pressure applied to the sensor and the measured output equals the
pressure calculated from the output signal of the sensing device using data fitting [77].

£ (|true output — measured output| 100) Equation 3.9
ive = average X uatl .
relative g true output q

Preparations for Calibrating and Evaluating Interface Pressure
Measurement System

For continuous monitoring of the exerted pressure by the compression garment, there was

a need to integrate a valid and reliable measurement system into the device with the desired
characteristics, including appropriate geometry, flexibility, accuracy, capability of being used in a
closed-loop controller, compatibility with human skin, cost-effectiveness, and ease of application.

Most of the commercially available sub-bandage pressure measurement systems are expensive,
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complex to use, difficult to calibrate, and not portable [78]. Thus in the current study, force-sensing
resistors (FSRs®), which are portable, thin, flexible, low-cost, and easy-to-use sensors, were

investigated.

The Interlink Electronics FSR® 400 Series, which is part of the single zone force-sensing
resistor family, met the requirements of the study [79]. Among six different models of the FSR®

400 Series sensors, two were picked for interface pressure measurement —models 402 and 408.

FSR® 400 Short
' 5mm Circle x 20mm

i @ FSR® 400 Short =
5mm Circle x 38mm

FSR® 402 Short
13mm Circle x 25mm

i / FSR® 402 Short
—r— 13mm Circle x 56mm

Figure 3-10 Interlink Electronics FSR® 400 Series?

FSR® 406
38mm Square x 83mm

= FSR® 408
10mm Square x 622mm strip

|

A force-sensing resistor, or FSR®, is a sensor that allows for detecting physical pressure,
squeezing and weight. It is basically a resistor that exhibits a decrease in resistance with increase
in the force applied to the surface of the sensor. The FSR® consists of two polymer layers
separated by a spacer; one layer is covered with a semi-conductive material, and the other layer
is made up of two sets of interdigitated electrodes that are electrically distinct and each set is
connected to one trace on a tail. When there is no force, the resistance between the electrodes
is so high and the sensor acts like an infinite resistor (open circuit). The more the FSR® is pressed,
the more interdigitated elements get in contact with the semiconductor, causing a short circuit.
As a result, the resistance goes down. FSRs® are fairly simple to use and low cost. The exploded

view of an FSR® is represented in Figure 3-11 .

—
Adhesive Back —(—e /

Semiconductor

Tail
Spacer

Interdigitated Electrodes

Figure 3-11 Different layers of an FSRs®2

! reproduced from [79]
2 adapted from [79]
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Like many other flexible resistive sensors, a force-sensing resistor is known for its

qualitative rather than quantitative measurements. Therefore, FSR® needs to be validated for

clinical use. In other words, a mathematical relationship should be found between its output signal

and the exerted pressure on its surface, called the calibration function. Herein, the FSR® was

calibrated and evaluated in six subsequent attempts. In all cases, the same approach was

adopted:

1. The FSR® was incorporated into an excitation circuit.

2. The sensor was pressurized and depressurized using either the ACS_v1 or a regular blood
pressure arm cuff with an inflation pump (Figure 3-12).

3. The applied pressure and FSR’s® output voltage were recorded. Pressure was monitored
utilizing a reference measurement system, which was either the pressure gauge connected
to the arm cuff (sphygmomanometer) or a commercially available device called PicoPress®
(MediGroup, Melbourne, Australia). The PicoPress® is a portable pneumatic transducer for
pressure measurement beneath medical bandages in both static and dynamic conditions.

4. A calibration function was extracted.

5. The FSR® was evaluated on human leg to assess its performance in measuring known
pressures applied to the calf and investigate the efficacy of the extracted calibration
function in converting output voltages to equivalent pressure values.

6. After reviewing the results of the 5" step, necessary measures were taken to improve the

next attempt and steps 1 through 5 were repeated. These measures were either replacing
the sensor (FSR® 402 vs. FSR® 408), or changing the surface on which the FSR® was
calibrated (including a rigid ABS pipe with a diameter of 0.075 meters, the ABS pipe
covered with adhesive foam, and human calf). The pipe is referred to as the test rig
henceforth.

Pressure Gauge
(Sphygmomanometer)

Arm Cuff

Inflation Pump

Air Release Valve

Figure 3-12 Blood pressure arm cuff and accessories!

As suggested by the manufacturer, in all five attempts towards FSR® pressure-to-voltage

conversion (or calibration), a voltage divider was used as the excitation circuit [79].

!'reproduced from [110]
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V+

FSR
Vout
R

Figure 3-13 Voltage divider used for FSR® calibration?

R,, is the measuring resistor with a known resistance. The circuit was powered by V, of 5V and
Equation 3.10 was used to calculate the output:

RV,

=7 T Equation 3.1
Ut = B Rron quation 3.10

In the depicted configuration, the output voltage increases with increasing pressure. After placing
different values of R, in the excitation circuit, a family of pressure versus V,,,; curves were plotted
and fitted, and a calibration function was extracted based on each graph. The tested measuring
resistors were 3.3, 10, 30, 47, and 100 kQ. Finally, an R,,, which maximized the desired pressure

sensitivity range and limited the current was chosen for further experiments.

Before starting the calibration process, two experiments were conducted in order to
investigate whether or not the reference measurement devices, i.e. the PicoPress® transducer
and the sphygmomanometer, produce reliable and consistent results. In the first experiment, the
sphygmomanometer values were compared to a high performance pressure transducer. A test
set-up was used which was designed and developed by Pourazadi et al. to measure the exerted
pressure by medical bandages [80]. The set-up consisted of a customized calf prototype and a
pressure transducer (Omegadyne PX309-001G5V) connected to it. The prototype had three
separate chambers mimicking different regions of human calf. Sealed individually, each chamber
could be filled with a fluid (liquid or gas) and its pressure was monitored with the pressure

transducer connected to the chamber via tubes.

'adapted from [79]
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Figure 3-14 Calf prototype?

Atfter filling the middle chamber of the calf prototype with water, the arm cuff was wrapped
around it. The manual pump was used to inflate and deflate the cuff from 0 to 50 mmHg and 50
to 0 mmHg, respectively, with 30 seconds of 10 mmHg increments. Greater pressures were not
exerted to prevent any possible damages to the test set-up. The tests were repeated three times
and the output signal of the pressure transducer was recorded using a data acquisition board and
a customized program written in NI LabVIEW 2013 (National Instruments, Texas, USA). Column
charts of the averaged data of the tests are illustrated in Figure 3-15. The results showed that
there is consistency between sphygmomanometer and the high performance pressure
transducer. The hysteresis and repeatability errors of the high performance pressure transducer
were 1% and 2%, respectively. The overall accuracy of the sensor was +2%FS with an FS of 50

mmHg, i.e. £1mmHg.

Sphygmomanometer &PX309

Figure 3-15 Pressure comparison between sphygmomanometer and PX309
The bars are standard deviations.

In the second experiment, the PicoPress® transducer was compared to the

sphygmomanometer. The PicoPress® probe was placed on the test rig and covered with the arm

I'adapted from [80]
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cuff. It was assumed that the intra-cuff pressure was almost equal to the interface pressure.
Repeated for three times, the cuff was manually inflated in 10 mmHg increments from 0 to 120
mmHg followed by 10 mmHg decrements from 120 to 0 mmHg, with each pressure level lasting
for 30 seconds. PicoPress® data were recorded using the furnished operating software by the
manufacturer. The results were averaged and plotted as shown in Figure 3-16. The hysteresis,

repeatability, relative errors of the PicoPress® were 4%, 7%, and 23% respectively.

Sphygmomanometer B PicoPress (before correction)
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Figure 3-16 Pressure comparison between sphygmomanometer and PicoPress® (before correction)
The bars are standard deviations.
Substantial differences were found between the two devices; the PicoPress®
overestimated pressure values. According to Vinckx et al., this could have happened due to the

effect of physical dimensions of the probe on interface pressure [81].

Interface Pressure
Transducer

Compression Bandage

e—— Limb

Figure 3-17 Schematic representation of perturbation effect of interface pressure transducer’s
physical dimensions!

' adapted from [81]
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Therefore, PicoPress® output was multiplied by a correction factor (Cr) which was derived using

Equation 3.11:
1
Cr=— Equation 3.11
Cop

Cpp is coefficient of pressure perturbation:

_sin(a/2+y)

= Equation 3.12
pp sin(a/2) quation
=5 Equation 3.13
a=— quation 3.
y = arccos( ) Equation 3.14

R+d

In Equation 3.13 and Equation 3.14, d is sensor thickness when inflated, D is sensor diameter,

and R is limb (test rig in this case) radius, all measured in meters [81].

PicoPress® pressures were plotted again after applying the correction factor. As can be
seen in Figure 3-18, better results were achieved with more closeness to the sphygmomanometer
response. As a result of using the correction factor, the relative error of the PicoPress®

considerably improved to 11%, which is less than half of the previous value.

Sphygmomanometer & PicoPress (before correction) = PicoPress (after correction)
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Figure 3-18 Pressure comparison between sphygmomanometer and PicoPress® (before & after
correction)
The bars are standard deviations.
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Table 3-2 PicoPress® characteristics before and after applying correction factor (FS=120 mmHg)

PicoPress®
Corrected? Ehysteresis Erepeatabilty Accuracy Accuracy Erelative
(%) (%) (%) (mmHg) (%)
Before correction 4 7 8 +10 23
After correction 4 6 7 +9 11

Although finer outcomes were attained by applying the correction factor to the PicoPress®
output when it was used on the rigid surface of the test rig, further investigations showed that
while placed on soft surfaces, there were negligible differences between the PicoPress® and
sphygmomanometer. As a result, throughout the later experiments, application of the correction
factor was limited to when the probe was placed on the rigid test rig rather than soft surfaces.

3.5.3. Calibration and Evaluation of Force-Sensing Resistors

Before addressing the calibration and evaluation processes of the FSRs®, a number of

points should be highlighted in order to avoid repetition:

o Two sensors were chosen for interface pressure measurement among six different models
of the FSR® 400 Series sensors: (a) FSR® 402 which has a circular active area with
diameter of 14.68 mm and nominal thickness of 0.46 mm. This sensor is referred to as
circular FSR® in the rest of the thesis, and (b) FSR® 408 which is a long sensor with an
active area of 609.6 x 10.2 mm? and nominal thickness of 0.41 mm. Since a sensor shorter
in length was needed for the current study, this FSR® was cut into a smaller piece with an

active area of 50 x 10.2 mm?. The truncated sensor is referred to as rectangular FSR®

@j  ©

henceforward.

Figure 3-19 Selected sensors for the experiments
(a) circular FSR®, (b) rectangular FSR®

o Output of the excitation circuit was acquired with a sampling frequency of 1000 Hz using

an analog-to-digital converter (National Instruments USB-6002, Texas, USA), and
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subsequently routed to NI LabVIEW 2013 (National Instruments, Texas, USA). A program
was written in LabVIEW to collect the signal, calculate the DC and root mean square (RMS)
values of it using the built-in Averaged DC-RMS VI, and store it for further offline analysis.

o PicoPress® data acquisition was done using the provided operating software by its
manufacturer.

o Inthe experiments with the developed compression device as the pressurizing device, the
motor was controlled manually to tighten or loosen the garment and reach the desired
pressure value.

o Microsoft Excel 2013 and MATLAB R2012b (The MathWorks Inc, Massachusetts, USA)
were employed for the sake of data analysis and fitting.

As highlighted previously, five attempts were made to validate the FSRs®. Prior to
succeeding to the detailed explanation of each procedure, the conditions of all calibration attempts
and the corresponding evaluation trials are summarized in Table 3-3.

Table 3-3 Summary of FSRs® calibration and evaluation conditions

i Calibration Attempt
Condition 1st nd 3 4th bth
Circular, Circular, .
FSR® Type Rectangular | Rectangular Rectangular Rectangular Circular
0 . . Foam-covered | Humanleg | Human Leg
Calibration Surface ABS Pipe ABS Pipe ABS Pipe (subject A) (subject A)
Pressure (mmHg) 0-110-10 | 0-110-10 | 0-110-10 0-90-10 | 0-90-10
Increment (mmHg) 10 10 10 10 10
Pressure Level Duration (s) 30 30 30 15 15
3.3, 10, 30, 3.3, 10, 30, 3.3, 10, 30,
R (kQ) 47 47,100 47,100 10 10
Test Repeats per Rn 2 2 2 3 3
i Evaluation Attempt
Condition 1st 2nd 3rd 4th bth
FSR® Type N/A Rectangular Rectangular Rectangular Circular
Number of FSRs® N/A 1 1 1 3
Subject N/A A A A AB,C
Pressure Level Duration (s) N/A 15 15 15 15
Rm (kQ) N/A 10 10 10 10
Test Repeats per Subject N/A 1 1 1 3

Each attempt is thoroughly discussed as follows.
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15t Attempt

In the first attempt towards sensor calibration, the rectangular and circular FSRs®, and the

PicoPress® transducer were placed on the rigid test rig, 0.5 cm apart from each other.

ABS Pipe

Circular FSR®
Rectangular FSR®

PicoPress® Probe

Figure 3-20 FSRs® placement on test rig in 1 calibration trial

Once the ACS vl was wrapped around the test rig covering the sensors, the garment was
activated to apply pressure in 10 mmHg increments from 0 to 110 mmHg followed by 10 mmHg

decrements from 110 to 10 mmHg, with each pressure level lasting for 30 seconds.

ABS Pipe Covered
by ACS_vi1

PicoPress® Device

Electrical Motor

Figure 3-21 Experimental setup for FSR® calibration in 15t trial

Reaching a complete untightened and loose stage in the garment was impossible without manual
intervention; hence the descending step was not continued further than 10 mmHg. The tests were
repeated twice for four different R, values, including 3.3, 10, 30, and 47 kQ. Data, including the
output voltage and corrected PicoPress® pressure, were averaged through the last 10 seconds
of each test level, 5 seconds prior to switching to the next level. Plotted curves of the corrected
interface pressure versus output voltage for both sensors showed that neither the rectangular nor
the circular FSR® could detect pressure values less than 45 mmHg. The PicoPress® probe

thickness is 0.2 mm when it is not inflated and 3 mm when it is inflated. This could have prevented
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the FSRs® from getting exposed to pressures smaller than 45 mmHg. Moreover, there was a
significant difference between loading and unloading graphs. Insensitivity of the sensors to a big
range of applied pressures along with the noticeable amount of hysteresis made the results
unreliable, and necessitated the need for repeating the tests with another approach. Table 3-4
summarizes the hysteresis and repeatability errors of the rectangular and circular FSRs®, along

with their overall accuracy.

Table 3-4 Characteristics of FSRs® in 15t calibration trial (FS=65 mmHg)

Rectangular FSR® Circular FSR®
Rm (kQ) Ehysteresis Erepeatability Accuracy  Accuracy Ehysteresis Erepeatability Accuracy  Accuracy
(%) (%) (%) (mmHg) | (%) (%) (%) (mmHg)
3.3 18 10 21 +13 37 11 38 125
10 18 19 27 +17 34 10 36 123
30 16 4 17 +11 46 6 46 130
47 21 8 23 +15 40 14 42 127
Average 19 10 22 +14 39 10 41 126

2" Attempt

Every step of the first effort described above was repeated in the second attempt, i.e.
pressurizing and de-pressurizing phases, number of test repeats for different R,, values,
multiplying interface pressure by the correction factor, and data averaging. The only major
difference was that the FSRs® were placed beneath the PicoPress® probe once at a time in order

to overcome the sensors reading problem. Moreover, an R,,, of 100 kQ was also tested.

Figure 3-22 Placement of FSRs® beneath PicoPress® probe in 2" calibration trial
(a) rectangular FSR®, (b) circular FSR®
Table 3-5 summarizes the hysteresis and repeatability errors, and the overall accuracy of
the sensors. During the experiments, it was noticed that the FSRs® were not sensitive to pressure
values smaller than 10 mmHg. Therefore, the corresponding numbers were excluded from the

error calculations.
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Table 3-5 Characteristics of FSRs® in 2" calibration trial (FS=100 mmHg)

Rectangular FSR® Circular FSR®

Rm (kQ) Ehysteresis Erepeatab/l/ty Accuracy  Accuracy Ehysteresis Erepeatability Accuracy  Accuracy
(%) (%) (%) (mmHg) | (%) (%) (%) (mmHg)

3.3 4 2 5 15 3 2 4 4

10 4 2 5 15 4 5 6 16

30 5 2 6 16 6 5 8 18

47 5 8 9 19 10 21 23 23

100 8 4 9 19 8 12 14 +14

Average 5 4 7 17 6 9 11 =11

The curve fitting toolbox in MATLAB was employed to fit the data with either one or two-
term exponential models and extract the calibration functions for both the rectangular and circular
FSRs®. The fitted plots are displayed in Figure 3-23.
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Figure 3-23 A family of PicoPress® pressure vs. Vou curves for different R,,, values in 2™ calibration trial
(top) rectangular FSR®, (bottom) circular FSR®
In the graphs with same R,,,, the rectangular FSR® had higher output voltages than the
circular FSR® given for the same pressure values. Moreover, R,, = 10 kQ met the needs of the
study in terms of pressure sensitivity. As a result, the rectangular sensor with R,,, = 10 kQ was

selected for the next experiment.

In order to assess the rectangular FSR’s® performance in measuring pressure accurately
on soft tissue, it was tested on human leg. The sensor was vertically placed on the bare mid-calf
of an individual while seated on a stool with the knees flexed at 90°, and the PicoPress® probe
was put on top of it. ACS_v2 was wrapped around the subject’s calf, covering both sensors, and

activated to exert 10 pressure levels, each for 15 seconds. The calibration function, which was
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derived beforehand, was employed to convert the output voltage to the equivalent pressure
values. Comparing the calculated pressures with the corresponding values measured by the
PicoPress® revealed big differences, showing that the rectangular FSR® overestimated the
applied pressure, in some cases double the true value. The average relative error of the FSR®
was 151%.

PicoPress ERectangular FSR
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Figure 3-24 Pressure comparison between PicoPress® and calibrated rectangular FSR® on leg

The inconsistency between the sensors was thought to be a consequence of calibrating
the FSR® on the rigid surface of the test rig while evaluating it on soft tissue. Therefore, the sensor
was calibrated over a soft surface in the next attempt.

34 Attempt

Following the poor performance of the rectangular FSR® on human leg, it was decided to
calibrate the sensor on a surface more similar to human leg in terms of softness. To do so, the
test rig was covered by two layers of a relatively soft adhesive foam. After placing the FSR® and
PicoPress® probe on the foam-covered rig, the blood pressure arm cuff was used for pressurizing
and de-pressurizing the sensors.
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Pressure

- Gauge

Adhesive Foam ——»

PicoPress® Probe \E )

Rectangular FSR®

Arm Cuff

Figure 3-25 Experimental setup in 3" calibration trial

The calibration process and evaluation on human leg were done in a similar manner as
the previous attempt. The hysteresis and repeatability errors, and the overall accuracy of the

rectangular FSR® are summarized in Table 3-6.

Table 3-6 Characteristics of rectangular FSR® in 3 calibration trial (FS=110 mmHg)

Rectangular FSR®
Rm (kQ) Enysteresis ~ Erepeataviity ~ Accuracy — Accuracy
(%) (%) (%) (mmHg)
3.3 10 2 10 +11
10 12 4 13 +14
30 12 9 15 +16
47 12 3 12 +13
100 9 2 9 +10
Average 11 4 12 +13

The data were fitted by exponential models and calibration functions were extracted.

120 I T T i T ‘ - T T

100 |-

o0
o

PicoPress pressure (mmHg)
B [9)]
o o

20

0 05 1 1.5 2 2.5 3 35 4 45 5
Vout (V)

Figure 3-26 A family of PicoPress® pressure vs. Vou: curves for different R,,, values in 3 calibration
trial of rectangular FSR®
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The R,, = 10 kQ was chosen for the evaluation process on human leg. Disappointingly,

inconsistent results between the FSR® and PicoPress® were achieved once again. The average

relative error of the FSR® was 49%.
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Figure 3-27 Pressure comparison between PicoPress® and calibrated rectangular FSR® on leg

4th Attempt

Although the rectangular FSR’s® performance in measuring applied pressures on human
leg was not satisfactory, the decline in relative error from 151% in the 2™ trial to 49% in the 3™
trial revealed that the calibration surface played an important role in the outcomes. This begot the
idea of calibrating the FSR® on human leg rather than the test rig. In this test, the rectangular
FSR® was placed beneath the PicoPress® probe on an individual’s calf while covered with the
arm cuff. The individual who participated in the test is referred to as subject_A henceforth. The
R,, = 10 kQ was used in the excitation circuit. Using the cuff, the calf was sequentially pressurized
from 0 to 90 mmHg with 10 mmHg increments, and de-pressurized from 90 to 0 mmHg with 10
mmHg decrements, with each level lasting for 15 seconds. The experiment was repeated three
times and the averaged data of the tests were fitted by an exponential model to find the calibration
function. The hysteresis and repeatability errors of the rectangular FSR® are represented in Table
3-7.

Table 3-7 Characteristics of rectangular FSR® in 4™ calibration trial (FS=80 mmHg)

Rectangular FSR®
Rm (kQ) Enysteresis Erepeatabilty Accuracy Accuracy
(%) (%) (%) (mmHg)
10 12 3 12 10
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Figure 3-28 depicts the averaged data points along with the fitted curve.
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Figure 3-28 PicoPress® pressure vs. Vout curve for R,, = 10 kQ in 4™ calibration trial of rectangular
FSR®

Once the calibration function was extracted, the rectangular FSR® was evaluated on

subject_A’s bare leg. The sensor’s relative error was 33%.
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Figure 3-29 Pressure comparison between PicoPress® and calibrated rectangular FSR® on
subject_A

5t Attempt

The results of the 4™ evaluation trial revealed that the relative error of the rectangular
FSR®, which was calibrated on human calf, had decreased to 33% in comparison with the 3™

attempt with an error value of 49%. Despite the improvement, the results were not satisfactory
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enough for the sensor to be used in the next experiments. Thus an alternative strategy was
devised. The rectangular FSR® was replaced by six circular FSRs® and each sensor was
calibrated individually on subject_A following the same steps as the 4" trial. The results are

summarized in Table 3-8.

Table 3-8 Characteristics of circular FSRs® in 5% calibration trial (R,,,=10 kQ, FS=80 mmHg)

Circular FSR®
FSR x Ehysteresis Erepeatabiity ~ Accuracy — Accuracy
(%) (%) (%) (mmHg)
FSR.® 6 3 7 15
FSRy® 9 2 9 +7
FSR® 13 2 13 +10
FSR«® 7 5 9 7
FSRe® 7 5 8 7
FSR® 6 3 7 15
Average 8 3 9 7

The acquired data were used to find a calibration function for each circular FSR® (Figure 3-30).
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Figure 3-30 A family of PicoPress® pressure vs. Vou curves for R,,, = 10 kQ in 51 calibration trial of
six circular FSRs®

Once the circular FSRs® were calibrated, their performance was investigated on human
calf and compared to the reference pressure measurement system, i.e. the PicoPress®. Unlike
the previous four attempts with only one FSR®, an array of three circular FSRs®, arranged in the
form of a 3x1 matrix, was used to increase the sensing area and decrease measurement errors

by averaging the sensors’ outputs (Figure 3-31).
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Figure 3-31 Array of three circular FSRs® placed on human calves

The FSRs® array was evaluated not only on subject_A, but also on two other individuals:
subject_B and subject_C. Every subject underwent three evaluation experiments, with each test
consisting of seven pressure levels. The PicoPress® pressure was then compared to that of the

FSRs® array and relative errors were calculated. The results are presented in Figure 3-32 and
Table 3-9.
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Figure 3-32 Pressure comparison between PicoPress® and array of circular FSRs® in three tests on

subject_A, subject_B, and subject C
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Table 3-9 Percentage of relative error in pressure readings of circular FSRs® array

Erelative %
Test Subject A Subject(_B) Subject C
1 10 11 5
2 6 4 8
3 4 4 4
Average 7 6 6

The circular FSRs® that were calibrated on subject_A, showed promising results when
tested as an array on other individuals. Considering significant improvements in the relative error
values to 7% and less, the calibration and evaluation processes were discontinued at this point
and the functions achieved in the 5™ attempt were used in the human tests, which are thoroughly
discussed in the Chapter 4.

3.6. Summary

The first objective of the study, which was to develop a new adaptive compression system
for ameliorating venous stasis and enhancing venous return, was addressed in this chapter. The
objective had two aspects, each of which was discussed in a separate section. In the first part,
the design and fabrication of a motorized compression garment was explained. The final prototype
of the proposed device consisted of laces, which were attached to a piece of non-stretchable,
flexible fabric at one end and connected to a motor at the other end. Upon motor rotation, the
sides of the fabric got closer/farther, resulting in tightening/loosening the garment, and

consequently compressing/de-compressing the limbs.

In the second part, circular and rectangular force-sensing resistors were calibrated and
tested to assess their capability in reporting sub-bandage pressure. Calibration took place on
different surfaces. The circular FSRs® exhibited relatively low hysteresis and repeatability errors,
i.e. 8% and 3%, respectively. Moreover, the results revealed that the more the calibration surface
was close to human tissue in terms of softness, the less the FSR®s’ relative error would be. After
calibrating on a rigid surface and testing on leg tissue, the relative error was approximately 151%
for the rectangular FSR®. The error value decreased to around 48% when the same FSR® was
calibrated on a less rigid surface. When both calibration and evaluation processes were done on
human leg, the relative error declined to 33%. Finally, circular FSRs® were substituted for their
rectangular counterparts, calibrated on a volunteer, and evaluated in form of an array on the same

participant as well as other individuals. Taking the average of sensors’ output led to significantly
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better pressure readings with relative error values of smaller than 7%. Based on the results, it can
be claimed that an array of multiple force-sensing resistors has the potential to be used in

monitoring the interface pressure during leg compression therapy.
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Chapter 4.  Experimental Assessment of ACS Prototype

4.1. Ethics Statement

Ethical approval was obtained from the Simon Fraser University Department of Research
Ethics. All subjects followed the informed consent procedure and provided written consent.

4.2. Study Design

In section 2.1.3, it was highlighted that a considerable volume of blood redistributes to the
lower extremities upon standing due to gravitational forces. Without the operation of counteractive
mechanisms, one of which is the calf muscle pump, prolonged motionless standing causes
venous hypertension and excessive accumulation of fluid within the leg tissue; reduces venous
return, stroke volume (thus cardiac output), and cerebral perfusion; and leads to orthostatic
hypotension in addition to syncope. If the reduction of venous return and stroke volume could be
compensated prior to the consequent cerebral hypo-perfusion, syncope would be prevented. As
mentioned in the previous chapters, lots of the existing compression therapy modalities have been
proven to be ineffective in passive orthostasis; this can be attributed to their incapability in
generating waveform pressure to compensate for the lack of calf muscle pump action. Employing
these concepts, a controlled pilot experiment was designed to assess the performance of the
developed adaptive compression system in pumping blood back to the heart from the lower legs
by monitoring its capability of preventing stroke volume decline during simulated passive standing.
It was hypothesized that the ACS is an effective intervention for improving venous return through

the exertion of intermittent compression over the lower leg.

A total of 12 healthy adults took part in the study (Table 4-1). In order to induce
autonomous and hemodynamic responses identical to standing erect and create the needed shift

in blood volume from the thoracic circulation to the lower extremities circulation, graded lower
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body negative pressure (LBNP) was used. The LBNP is a procedure that is used to simulate the
cardiovascular responses associated with orthostatic stress and hemorrhage (blood loss from the
circulatory system) in humans while facilitating measurements [82, 83, 84]. During LBNP, air is
vacuumed from a box that encloses the lower body below the iliac crests. Consequently, pressure
decreases in the box and blood gets translocated to the legs, resulting in increased venous
pooling; and decreased venous return, preload and cardiac output [82]. These changes are similar
to hemodynamic alterations during upright standing and hemorrhage (while maintaining total
blood volume).

Table 4-1 Anthropometric values of participants along with standard deviation (SD) values

Sex Number Age £ SD (year) | Height £ SD (cm) | Weight £ SD (kg)
Male 9 28+3 17817 77+10
Female 3 285 155+ 3 57+8
Total 12 28+3 173 £12 72+13

Prior to testing, participants completed a brief medical history; all volunteers were non-
smokers and had no history of cardiovascular, respiratory, or neurological disease, or major
musculoskeletal injuries. The participants were asked to abstain from alcohol, caffeinated
beverages, and heavy exercise within 24 hours of the test and eat a light breakfast/lunch on the
experiment day. Every subject completed two sets of experiments at the same time of two
separate days within a week. The order of the test days was randomized. Female subjects were

tested in the same phase of their menstrual cycle, achieved by testing on consecutive days.

The tests were performed in the Aerospace Physiology Laboratory at the Simon Fraser
University. Upon arrival in the lab, the volunteers were asked to remove their shoes and socks,
and change into a pair of shorts. Their age, gender, height, and weight was recorded and
afterwards, the subjects were directed towards the LBNP box for equipment instrumentation while

lying in the supine position.

4.3. Test Protocol

Each participant’s lower body was placed in the LBNP chamber and sealed at the iliac
crests. After 12 minutes of rest at ambient pressure (0 mmHg), vacuum was applied to the box to
decrease the pressure at 15 mmHg decrements through -45 mmHg, each for 12 minutes (12-min

stages of LBNP at -15, -30, and -45 mmHg). Following the last LBNP phase, a recovery stage
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took place where the chamber pressure was brought back to ambient pressure for another 12
minutes of data collection. During the tests, negative pressure was immediately terminated upon
the participants’ request and/or if a sudden drop in heart rate or blood pressure, or a sustained
drop in systolic blood pressure below 90 mmHg were observed. The participants were asked not
to contract and move their leg muscles throughout testing in order to avoid noise and muscle

pump activity in the course of data collection.

As highlighted in section 4.2, each participant underwent two experiments. On one day,
the ACSs were not donned by the subjects (control model). Whereas on the other day, prior to
getting into the LBNP box, a pair of ACSs was wrapped around the participants’ calves on top of
a 3x1 array of circular FSRs® (Figure 3-31) and activated while graded vacuum was applied
(treatment model). The exerted pressure by the garments per leg was considered to be the

average of the FSRs® in each array. Figure 4-1 shows a participant wearing a pair of ACSs.

Figure 4-1 A pair of ACSs worn on human calf
(a) front view, (b) back view, and (c) side view

The ACSs were set to apply a compression paradigm, consisting of four intermittent
pressure cycles per minute over the mid-calf. Every cycle lasted for 15 seconds and contained
low and high levels of 15 and 50 mmHg, respectively. The maximal pressurizing stages were 5
seconds in duration with an approximate rising time of 2 seconds (Figure 4-4). The rationale

behind picking this compression pattern is explained in the following paragraphs.

External compression of around 50 mmHg has been shown to positively impact the
cardiovascular variables. In a study by Hansen et al., peristaltic pneumatic compression of 55
mmHg over the upper and lower legs, with an inflation time of 12 seconds and deflation time of
48 seconds, significantly reduced the risk of syncope in immobile individuals during standing

magnetic resonance imaging [85]. In another study, Vanscheidt et al. assessed dose-dependency
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of oedema reduction in patients suffering from leg swelling and chronic venous insufficiency. They
used a 4-chambered intermittent pneumatic compression device, including foot, ankle, mid-calf,
and upper calf sections, to deliver three pressure profiles to the lower legs: 35, 45, and 55 mmHg
over the mid-calf. While all the patterns were beneficial in decreasing leg volume, higher
pressures were associated with greater reduction [86]. The key element in advantageous
compression treatment is the ability to narrow the veins. According to Partsch et al., initial
narrowing and complete occlusion of leg veins during standing occur at external pressure values
of 40 and 70 mmHg on the calf, respectively [87]. Considering the aforesaid points, 50 mmHg of
maximal pressure, which has been illustrated to be influential both in narrowing the veins and
altering hemodynamic parameters, seemed to be a proper choice for the experiments. And as for
the minimal pressure, 15 mmHg was selected since the FSRs® were insensitive to values smaller

than 10 mmHg.

Previously indicated in Figure 2-9, venous refill time is defined as the time interval between
the termination of walking, hence muscle pump discontinuance, until the vein pressure reaches
the pressure level at motionless standing; this period is around 20-30 seconds in a healthy
individual [45]. In the human tests, pressurizing and de-pressurizing periods were selected in a

way to hinder complete venous refill.

A closed-loop controller was designed to regulate the ACSs’ exerted pressure on the
calves. The built-in PID VI in LabVIEW was used along with the PID Gain Schedule VI (Figure
4-2). The system had different pressure regions of operation and as a result, required different
sets of gains. This was achieved by implementing the PID Gain Schedule VI to define the proper
values for proportional, integral, and derivative gain parameters, as depicted in Figure 4-3 .Max
values are different pressure levels in ascending order. Each set of gains in the array is used for
all gain scheduling values less than the corresponding max value. The output of the feedback
controller was routed to the duty cycle of the motor to determine its desired output for driving the

system.

67



R-Enable/Disable

L-Enable/Disable

e

]

GRE

.

o
DAQ Assistant

data =

=

P

Blood Pressure

p3=5.286%xp(0.7558"v5);

R-Pressure

BOBL]

a
{ !
i i Start
[ g
-
Elapsed Time
Time has Elapse ¥ Elapsed (s)
Elapsed Time (s) POEL ||

Present [s) ¥

= = b

#hotor timek

L-Pressure

FOBL]

Elapsed (m)
PDBL |

Write To
Measurement
File

Signals
£%)

Motor Start/Stop

[
=)

Motor time

Offset

Lower Cut-Off

B

Filter

- Signal

[DBLK
Frequency
[osLf——]

Amplitude
[DBLK

™ True 't

R-Output Range

R-PID Pararmeter

Right Leg

Filtered Signal
5

PID signal

Duty Cycle (%)
[DBL K

Square ¥

=

L-Forward/Reverse

R-Channel 2

L-PID Parameter

HAL-Forward/Reverse

Figure 4-2 Block diagram of the written program in LabVIEW

68




b C\Users\Mahan'Desktop\SCG Experiment\Signals.txt ﬁl

ECG
Amplitude
=1
=
| |

L-Channel 1 R-Channel 1
% Dev3/port1/line2 [+ % Dev3/port1/lined =
L-Channel 2 R-Channel 2 -0.5-1 I I I I I I I |
L Devi/portl/line j L Dev3/port!/linel j 16:00:00.000 16:00:00.500 16:00:01.000 16:00:01.500 TE:D?FDZ.DDD 16:00:02.500 16:00:03.000 16:00:03.500 16:00:04.000
ime
1.6-
L-Enable/Disable R-Enable/Disable B
L-Forward/Reverse R-Forward/Reverse .:LE t;_ 1.2+
— 2 E
2 1
(=71
0.3-4

[ [ [ [ [
16:00:02.000 16:00:02.500 16:00:03.000 16:00:03.500 16:00:04.000

Time

: [ [ i
00:00.000 16:00:00.500 16:00:01.000 16:00:01.500

16

STOP
————————————
-0.5-

SCG
Amplitude
X - _
| 7 |

I I I
16:00:00.000 16:00:00.500 16:00:01.000 16:00:01.500

I 1 I | |
16:00:02.000 16:00:02.500 16:00:03.000 16:00:03.500 16:00:04.000

Time
R _ 100- r\Lﬂ-_F'rezsure R-ﬂPressure _ 100+
B g o 10 £ 20
o E g E
I EEEE—————— bR = E 80
5 B
Ly = e <
g g 20
& 3 H D_
Elapsed (z) PID Signal 0
0 _.Of'Fset Time (s) Time (s}
Elapsed (m) o325
apsed (m L-PID Parameter Current L-PID Gains R-PID Parameter
0 Frequency
A - . - - A rtional gain (K<) 0.000 "
o 5/0.067 Max PV |0 “ kel1s5 |2 Tilo =] 1alo = Bpaticnalaaniikd) Max PV |0 dke1s A Tijo HTdlo =
7 Amplitude intearal time (Ti. min) | 0000
 BE Max PV |30 | kelz =/ Tilo = Td(o = derivative time (Td, min) 0.000 Max PV 30 3 Kel2 | Ti|o + Td|0 s
Present Duty Cycle (%) - . Current R-PID Gains
0 f:J 50 ax v =l Ke|25 | Tijo + Td|0 = proportional gain (Kc)|0.000 Max PV |60 +| Ke|25 | Til0 < Td |0 +
i Ls Cut-Off = r F 0.000
Motor time ) ower Cu Max PV [00 = ke 3 = nilo =l 14lo - intearal time (Ti. min} \} Max PV 90 =l kel3 = Tilo =l 14lo =
0 -;J 10 W derivative time (Td, min)|0.000 = = = = v

Figure 4-3 Graphical user interface of written program in LabVIEW

69




Owing to the vital role of calf muscle pump in augmenting venous return, it is crucial
to make sure that adequate pressure is exerted on the calf muscle in compression therapy
[23]. During the tests, the applied pressure (called the process variable) was measured
by the FSRs® arrays at the mid-calf and fed back to the control system. The set point, or
the desired value for the process variable, was simulated as a square waveform with the
following properties: frequency = 0.067 Hz (corresponds to four cycles per minute),
amplitude = 17.5 mmHg, offset = 32.5 mmHg, and duty cycle = 50%. A snapshot of the
square signal during one minute, which mimics intermittent pressure cycles with low and

high levels of 15 and 50 mmHg, is depicted in Figure 4-4.

Set point (desired signal) ------- Process variable (ACS pressure)
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Figure 4-4 Desired interface pressure signal along with controlled pressure of ACS

Throughout the experiments, the participants had continuous measure of beat-to-
beat arterial blood pressure through a non-invasive photoplethysmography finger cuff. The
cuff was placed on the middle phalanx of the left middle finger (Finopres, Ohmeda,
Inglewood, CO, USA). For the sake of rate analysis, electrocardiogram (ECG) signal was
acquired using a standard 4-lead placement with non-invasive disposable surface
electrodes (LifePak 8, Medtronic Inc, Minnesota, USA). Seismocardiogram (SCG) signal,
which represents the low-frequency vibrations and acceleration of the chest wall caused
by the beating heart, was measured in back-to-front direction, perpendicular to the body

surface, with a high-sensitivity accelerometer (Briel & Kjeer model 4381, Neerum,
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Denmark)’, placed on the sternum. The device was affixed to the skin with double-sided
hypoallergenic tape. While ECG shows the electrical activity of the heart, SCG is a

manifestation of its mechanical performance.
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Figure 4-5 Schematic diagram of the LBNP setup along with experiments’ protocols
(top) control model without ACSs, (bottom) treatment model with ACSs

4.4. Data Acquisition

Data were acquired with a sampling frequency of 1000 Hz using an analog-to-
digital converter (National Instruments USB-6212 BNC, Texas, USA), and subsequently
routed to NI LabVIEW 2013 (National Instruments, Texas, USA). A program was written

I www.bksv.com/Products/transducers/vibration/accelerometers/accelerometers/4381
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in LabVIEW to collect all signals, convert the output voltage to the equivalent pressure

values, and store them for further offline analyses.

4.5. Data Analysis

MATLAB R2012b (The MathWorks Inc, Massachusetts, USA) was employed to
average the data as 10-second intervals. A total of six cardiovascular responses were
analyzed, including systolic blood pressure (SBP), mean arterial pressure (MAP), diastolic
blood pressure (DBP), heart rate (HR), pulse pressure (PP), and left ventricular ejection
time (LVET). Systolic and diastolic blood pressures were used to calculate pulse pressure
and mean arterial pressure using Equation 2.3 and Equation 2.4, respectively. Heart rate,
or the number of heart beats per minute, was calculated by Equation 4.1 after finding the
R-R intervals, or a pair of successive R-peaks, in the electrocardiograms:

sampling rate 1
o = X - - -
R — R interval (sampling period) X (R — R interval)

HR = 60 % Equation 4.1

The last parameter analyzed was the left ventricular ejection time. The LVET, a
commonly used systolic time interval in cardiovascular studies, is defined as the time of
ejection of blood from the left ventricle starting with aortic valve opening and ending with
aortic valve closure; and can be extracted from an SCG signal. Since systolic time intervals
undergo changes in individuals with cardiac disease, they are widely used in cardiology
to non-invasively investigate left ventricular performance [88]. It has been demonstrated
that SCG-derived systolic time intervals, including LVET, are sensitive to LBNP-induced
hemodynamic changes and are correlated with stroke volume [82]. Therefore, in the
current study, the changes in LVET were used to track the changes in stroke volume rather
than determining its absolute value. Figure 4-6 depicts typical ECG and SCG signals,
along with a number of features that correspond to specific cardiac events. It should be
mentioned that extraction of the SCG signal features was done by Dr. Farzad Khosrow-

Khavar.
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Figure 4-6 Schematic diagrams of ECG and SCG signals and their features?
In the SCG signal, AO and AC stand for aortic valve opening and closure, respectively. The LVET
equals the difference between AO and AC.

4.6. Summary

The second objective of the study, which was to evaluate the potential of the
developed adaptive compression system in assisting with blood circulation and fluid
volume control in the human lower leg during orthostasis, was pursued in this chapter.
Graded lower body negative pressure served to induce cardiovascular stress similar to
passive standing. Twelve subjects completed two sets of experiments with and without
ACS application, and throughout testing, cardiovascular variables were continuously
recorded for the offline analyses. Systolic blood pressure, mean arterial pressure, diastolic
blood pressure, heart rate, pulse pressure, and left ventricular ejection time were the
responses of most interest, which were either directly measured during the experiments
or extracted from the recorded signals. The results of the statistical analyses are

presented in the next chapter.

I adapted from [97]
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Chapter 5.  Results and Discussion

As described in Chapter 4, twelve individuals participated in the tests that were
conducted to assess the performance of the ACS. One participant’s data were excluded
from the analyses due to a non-reported cardiac abnormality. Another subject experienced
pre-syncope in the experiment without the ACS at the onset of -45 mmHg, warranting

early termination of the test. The data for that experiment are partially included.

5.1. Statistical Analyses

Statistical analyses were carried out in JMP12 (Statistical Analysis Systems, Cary,
North Carolina) using the averaged data of the last five minutes of each test level, 30
seconds prior to switching to the next level. Data were assessed for normality using the
Shapiro-Wilk test. A two-factor repeated-measures analysis of variance (ANOVA) with
blocking was performed to evaluate if there were statistically significant changes in mean
cardiovascular responses, namely systolic blood pressure (SBP), mean arterial pressure
(MAP), diastolic blood pressure (DBP), heart rate (HR), pulse pressure (PP), and left
ventricular ejection time (LVET). Test condition, LBNP level, and their interaction were
regarded as fixed effects in the model, and subject (block) was considered the random
effect factor. Test condition had two levels (no ACS and with ACS) and LBNP stage
consisted of five levels (pre-LBNP, -15 mmHg, -30 mmHg, -45 mmHg, and post-LBNP).
Post hoc tests using the Tukey-Kramer adjustment were used to compare mean
responses between pairs of test condition and/or LBNP level. A level of significance a =
0.05 was used in the post hoc tests, and effects with p-values less then 0.05 were

considered to be statistically significant. Data are reported as means = SEM".

1 SEM stands for the standard error of the mean.
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Pulse pressure and left ventricular ejection time violated the assumptions of
normality. Hence, the non-parametric Friedman test followed by a series of Wilcoxon
matched pairs tests with the Bonferroni correction were carried out. Moreover, the original
PP and LVET data were transformed using a Box-Cox transformation to omit the problem
of non-normally distributed residuals, and a two-way repeated-measures ANOVA with the
Tukey-Kramer post hoc test was conducted. The results of these analyses are not
reported in the current document as they were in complete accordance with the factorial

ANOVA on the non-normal data.

5.2. Results

The statistical analyses yielded a main effect for test condition that was significant
in all cardiovascular responses except for systolic blood pressure. The main effect of
LBNP level was significant in all of the responses. The interaction effect was non-
significant. Table 5-1 presents the F ratios, along with p-values for the two-way repeated-
measures ANOVA.

Table 5-1 Summary of factorial ANOVA

Fixed effect
Response Test condition LBNP level Test condition * LBNP level
Fratio p-value Significant? | Fratio p-value Significant? | Fratio p-value Interact?
SBP 2.41 0.1241 No X 3.16 0.0177 Yes ¢ 0.12 0.9799 No,

MAP 9.98  0.0022 Yesv 585  0.0003 Yesv 007  0.9914 Noy”
DBP 17.17  <0.0001 Yesy 8.92  <0.0001 Yes v’ 0.10  0.9820 Nov’
HR 1264  0.0006 Yes 35.78  <0.0001 Yes 065  0.6265 Noy”
PP 8.79  0.0039 Yesy 8.81  <0.0001 Yes / 053  0.7157 Noy
LVET 9.17  0.0032 Yesy” 28.16  <0.0001 Yes v 036  0.8360 Noy”

There was no meaningful change in systolic blood pressure with and without the
ACS. Mean arterial pressure, diastolic blood pressure, and left ventricular ejection time
were significantly higher with the ACS, while the mean values of heart rate and pulse
pressure were higher without the ACS. The values of the mean cardiovascular responses

are numerically represented in Table 5-2 and graphically illustrated in Figure 5-1.
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Table 5-2 Mean values of cardiovascular responses in two test conditions

Fixed effect Cardiovascular response mean * SEM
Test condition MAP DBP HR PP LVET
(mmHg) (mmHg) (bpm) (mmHg) (ms)
no ACS 87+3 72+3 74+3 472 272+5
with ACS 92+3 77+3 70+£3 44 +2 28415
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As depicted in Table 5-3 and Figure 5-2, through the LBNP levels from resting pre-
LBNP stage to the peak negative pressure of -45 mmHg, systolic blood pressure was
maintained; mean arterial pressure, diastolic blood pressure, and heart rate increased,;
and pulse pressure and left ventricular ejection time decreased gradually. These results
are congruent with other studies [82, 89, 90, 91]. Among the six cardiovascular responses,
LVET and HR were the two variables statistically different in most LBNP levels.

Table 5-3 Mean values of cardiovascular responses in five LBNP levels

Fixed effect Cardiovascular response mean * SEM
LBNP Jevel SBP MAP DBP HR PP LVET
(mmHg)  (mmHg)  (mmHg) (bpm) (mmHg) (ms)

Pre-LBNP 118 £4 86 +3 703 67 +3 48 £2 2996
-15mmHg 116 £ 4 86 +3 703 67 +3 46 £2 287 +6
-30mmHg 118 +4 89+3 74+3 73+3 44 2 2676
-45mmHg 120+ 4 93+3 79+3 84+3 41+2 241+6
Post-LBNP 126 £ 4 94 £3 78+3 69+3 48 £2 296+ 6
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Table 5-4 summarizes the mean cardiovascular variables in the course of different

LBNP stages and at the two test conditions, i.e. with and without the ACS.

Table 5-4 Mean values of cardiovascular responses at different LBNP levels with and without
ACS application

Fixed effects interaction Cardiovascular response mean * SEM
” SBP MAP DBP HR PP LVET
Test condition * LBNP level
(mmHg) (mmHg) (mmHg) (bpm) (mmHg) (ms)

Pre-LBNP 1M17+5 84 +4 67 +3 68+3 502 2977
-15mmHg 114 £5 83+4 67 +3 69+3 47 £2 2837
no ACS -30mmHg 116 £5 86 + 4 72+3 75+3 45+2 2597
-45mmHg 119+5 91+4 77+£3 873 42 +2 2327
Post-LBNP 125+ 5 92+4 75+3 73 502 2807

Pre-LBNP 119+5 88+4 73+3 66 £ 3 47+2 3027
-15mmHg 118+5 89+4 74+3 66 £ 3 45+ 2 2917
with ACS -30mmHg 1205 91+4 77+3 7M+3 432 2167
-45mmHg 1225 95+4 81+3 80+3 40+ 2 2507
Post-LBNP 1265 9% 4 81+3 68+3 45+ 2 3027

The absolute change of the hemodynamic parameters throughout LBNP levels

from the baseline, or pre-LBNP stage, are shown in Table 5-5 for the two test conditions.

Table 5-5 Absolute change of cardiovascular responses relative to baseline (pre-LBNP) at
different LBNP levels with and without ACS application

Fixed effects interaction ACardiovascular response mean * SEM
e SBP MAP DBP HR PP LVET
Test condition * LBNP level
(mmHg) (mmHg) (mmHg) (bpm) (mmHg) (ms)
-15mmHg 34 13 03 1+2 32 -14+9
-30mmHg 14 33 53 72 5+2 -38+9
no ACS
-45mmHg 2+4 8+3 11+3 19+2 8+2 64+9
Post-LBNP 84 8+3 8+3 3+2 02 8+9
-15mmHg -1+4 03 1£3 02 2%2 -10£9
-30mmHg 114 3+3 4+3 52 3+2 -26+9
with ACS
-45mmHg 2+4 73 9+3 14+2 6+2 52+9
Post-LBNP 74 8+3 8+3 1£2 1+2 19
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Table 5-6 delineates the percentage change of the cardiovascular responses
during different LBNP levels that were calculated in relation to the baseline. The results of

the two test conditions are included.

Table 5-6 Percentage change of cardiovascular responses relative to baseline (pre-LBNP) at
different LBNP levels with and without ACS application

Fixed effects interaction ACardiovascular response mean (%) £ SEM
Test condition * LBNP level SBP MAP DBP HR PP LVET
-15mmHg 2+4 1+4 1+4 1+3 7+3 5+5
-30mmHg 1+4 4+4 7+4 11+3 11+3 -12+5
no ACS
-45mmHg 1+4 8+4 14 +4 26+3 A7+3 20+5
Post-LBNP 614 9+4 11+4 3+3 1+3 2+5
-15mmHg 114 0+3 1+4 0+3 4+3 3+5
-30mmHg 1+4 3+3 5+4 8+3 7+3 -8+5
with ACS
-45mmHg 2+4 7+3 12+4 22+3 -13+3 A7 +5
Post-LBNP 6+4 9+3 11+4 3+3 3+3 1+5

The results presented in the previous three tables are graphically portrayed in

Figure 5-3 through Figure 5-5.

81



—+—no ACS ---+---with ACS

135 105 90
130 __100 .85
o (=] o
T 125 T 95 T 80
£ £ £
E 120 £ 90 ET5

o [a
% 115 § 85 @ 70
110 80 65
105 75 60
Q° Q° <t
LBNP level
*%k
*%
55 320
300
E 45 =
= ot
= w2
o 2
a 40 240

w
(2}

LBNP level LBNP level

LBNP level
Figure 5-3 Mean values of cardiovascular responses at two test conditions and five LBNP levels
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Figure 5-5 Percentage change of cardiovascular responses from baseline during different LBNP levels at two test conditions
Horizontal bars denote statistical significance between LBNP levels. Vertical bars correspond to SEM for each level.
Symbols: *p-value < 0.05, **p-value < 0.01, **p-value < 0.001, + = different from baseline
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5.3. Discussion

Systolic blood pressure and mean arterial pressure were maintained throughout
different LBNP levels at the two test conditions, which can be attributed to the fact that the
participants were young healthy individuals without a history of cardiovascular regulatory
dysfunction.

Without the ACS, diastolic blood pressure significantly increased from the resting
pre-LBNP level through the peak negative pressure of -45 mmHg by 14%, demonstrating
a normal baroreflex! response to the fluid shifts imposed. In clarification it should be
pointed out that a rise in diastolic pressure occurs as a result of an increase in total
peripheral resistance, which is one of the key elements in regulating blood pressure [92].
Although diastolic pressure increased with the ACS application as well, its elevation was
attenuated with a percentage change of 12% relative to the baseline.

In a compensatory attempt to increase cardiac output and maintain constant blood
pressure, a gradual baroreflex-mediated tachycardia was noticed through the LBNP
stages, corresponding to overall rises of 26% and 22% from the baseline to the LBNP
peak negative pressure without and with the ACS, respectively. As the numbers indicate,
in the treatment mode the heart rate was not elevated as much compared to the control

mode.

Pulse pressure exhibited a meaningful drop of 17% from the baseline to the
negative pressure of -45 mmHg in the absence of the ACS. This decline was in agreement
with the previous observations, which were systolic blood pressure maintenance and
diastolic blood pressure increase. By applying the ACS, the percentage change of pulse

pressure reduction was lessened to 13%.

I The baroreflex is one of the mechanisms in the body that helps to regulate blood pressure by
controlling total peripheral resistance and cardiac output via affecting vasoconstriction, heart rate,
and heart contractility.
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Finally, the left ventricular ejection time progressively diminished from the pre-
LBNP level through the peak negative pressure by 20% in the control mode and by 17%
in the treatment mode. Considering the positive correlation between left ventricular
ejection time and stroke volume, the blunted fall-off in LVET with the ACS could reflect

attenuation of stroke volume decline.

The results of this study suggest that the developed adaptive compression system
is capable of dampening the LBNP-imposed orthostatic stress on the cardiovascular
system of healthy subjects via attenuating the increase in diastolic blood pressure and
heart rate, and lessening the decrease in left ventricular ejection time and stroke volume.
It is likely that these beneficial changes are due to venous return augmentation, which
occurs a result of the intermittent pumping action of the ACS, contributing to the emptying

of the lower legs vasculature.

5.4. Study Limitations

In order to save time, the force-sensing resistors were calibrated on one
individual’'s calf and used on twelve other subjects during the human experiments.
However, more accurate calibration functions might have been achieved if the FSRs® were

exclusively calibrated for each participant.

A second limitation was that all experiments were conducted on healthy
volunteers. Although it is not known whether the results would apply similarly to patient
populations, it is expected that this would be the case, since other non-pharmacological
approaches have been shown to hold across both patients and controls [93, 94].

Finally, no placebo was used during the control mode of the human experiments.
The first reason for this choice was that due to the weight of the motor, there was a
possibility of ACS rotation if wrapped around the calf without generating compression.
Hence, the ACS itself could not be utilized as a placebo. Secondly, no other device could

be found which was visually indistinct from the ACS.
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Chapter 6.  Conclusion and Future Work

6.1. Summary and Conclusion

Chronic venous disease of the lower extremities is an incapacitating health issue
with a wide spectrum of manifestations, ranging from varicose veins to ulceration. This
disease not only negatively affects quality of life, but also is associated with profound
socioeconomic impacts, in addition to exorbitant costs on the health care system. In the
presence of any deficiency in the normal function of calf muscle pump and one-way
venous valves, which serve to counteract gravitational forces and direct blood flow to the
heart, the efforts towards emptying the veins fail, resulting in progressive complications
due to elevated hydrostatic pressure in the lower limbs, especially during locomotory

activities (i.e. walking and running).

Compression therapy, which has been established as the cornerstone in managing
leg venous disorders, exploits the power of external pressure on the limbs to reverse the
damaging consequences of venous hypertension by abolishing blood reflux and improving
venous return. Notwithstanding the extensive use of conventional compression modalities,
such as medical bandages, stockings, and mechanical pumps, these devices have
shortages that diminish their treatment efficacy and lessen patient adherence to therapy.
Some of the major flaws of the existing systems include difficulty of donning; inability to
apply specific pressure ranges, which is a bare essential of effective treatment; failure to
sustain recommended pressure levels as a result of anatomical changes of the user; lack
of an embedded interface pressure measurement system, hence being dependent on the
bandaging skills of clinicians or the manufacturer’s listed class of compression (which is
not utterly reliable); dependency of performance on user’s anthropometric variables;
limitation of compression type to either static or dynamic mode, while both paradigms are
important in pursuit of beneficial treatment; inefficacy during passive orthostasis; and non-

ambulatory use.
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The goal of this study was to develop and evaluate a prototype of an adaptive
compression system, which combines on-demand sustained and intermittent gradient
compression in an easy-to-wear device and can be used during stasis and ambulation. To
accomplish this objective, a compression garment, with Velcro™ fasteners at the back and
a motorized lacing system at the front, was designed and fabricated out of off-the-shelf
components. The device was equipped with force-sensing resistors as a means for
monitoring sub-bandage pressure to ensure delivery of reproducible, effective
compression regardless of limb size and shape. Moreover, the interface pressure
feedback from the FSRs® was employed to control the garment tightness through the
adjustment of the motor’s function in response to the changing physiological conditions of

the user.

The adaptive compression system was evaluated in a controlled study on twelve
participants to investigate its performance in venous return enhancement during passive
orthostasis by mechanical pulsatile pumping of blood up the leg vasculature. The subjects
completed two sets of experiments, without and with the ACS, in which graded lower body
negative pressure was used to increase venous pooling and induce blood volume shift in
the legs similar to motionless standing. In the course of testing, beat-to-beat blood
pressure was continuously monitored, along with electrical and mechanical activities of
the heart via electrocardiography and seismocardiography, respectively. The results of the
experiments revealed a significant reduction in the mean cardiovascular changes to
LBNP, including diastolic blood pressure, pulse pressure, heart rate, and left ventricular
ejection time: {absolute change from baseline + SEM: without ACS: HR = 19bpm + 2,
LVET = -64ms = 9, DBP = 11mmHg + 3, PP = -8mmHg * 2; with ACS: HR = 14bpm % 2,
LVET = -52ms = 9, DBP = 9mmHg * 3, PP = -6mmHg % 2; p<0.05}. These outcomes
indicate that the baroreflex compensatory mechanism, which involves stimulation of
sympathetic nerves to restore arterial blood pressure by increasing heart rate and
constricting vascular beds, is less activated while the subjects are wearing the ACS. In
conclusion, the cardiovascular system undergoes less stress upon the operation of the
developed compression device that can be ascribed to the designed system’s role in
facilitating blood circulation and enhancing venous return via pressurizing the lower

extremities.
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6.2. Future Considerations

Although the two objectives of the study were met, a few modifications could
improve the performance of the developed compression system. Moreover,
complementary studies are necessary to establish its efficacy. A number of the areas for
future work are specified as follows:

o Integrating the motor and its dependent components into a single housing to be
place around the waist or upper legs

o Adding an improved control unit with feedbacks from the user’s bio-signals which
could be employed as triggers to start compression, e.g. upon blood pressure drop

o Fabricating the device out of lightweight material

o Substituting the interface pressure measurement system with an improved
telemetric sensing unit

o Evaluating the device during ambulation

o Assessing the ACS’s performance in clinical trials on patients rather than healthy
individuals

o Investigating deep venous hemodynamics in the course of clinical tests on patient
populations to determine optimal combinations of applied pressure, frequency, and
mode of compression that enable the ACS to induce meaningful changes to the
cardiovascular responses for minimizing the complications associated with venous

insufficiency
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Appendix A.

Mechanical Drawing of Housing!
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Appendix B.

Mechanical Drawing of Spool!
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