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Abstract

Knee osteoarthritis (OA) is a prevalent degenerative joint disorder characterized by a

gradual degeneration of articular cartilage, leading to joint stiffness, discomfort, and re-

stricted joint movements. The conventional diagnostic methods of knee OA include clin-

ical assessments and radiographic imaging, often limited to early diagnosis, treatment

cost, and sensitivity. The chronic condition of osteoarthritis may lead to total knee re-

placement surgeries. Early intervention in knee OA can prevent such painful surgeries and

also saves on the cost of treatments. In recent decades, sensor-based disorder detection

has received focused attention in OA identification. These procedures are non-invasive

and very helpful in the early detection of OA. The primary objective of this research

is to develop wearable systems for the detection of knee osteoarthritis and classification

of it using acoustic emission technology and validate through radiographic images. In

the present work, a total of two hundred ten human subjects from various places in the

North-Eastern region of India have participated, and the acoustic waves generated from

their knees during 0°-90° sit-stand-sit (S-T-S) activity are captured using AE sensors to

diagnose different stages of OA. All subjects are examined through the digital goniome-

ter and acoustic sensors placed at their medial tibiofemoral knee joint locations. Joint

angle-based signal features are recorded for biomarker identification under the S-T-S data

collection protocol. Joint space narrowing (JSN) of the knee for OA subjects is calcu-

lated through image processing of the knee X-ray, and the AE findings are validated

from the obtained JSN and Kellgren-Lawrence (KL) grades. Results obtained from the

study demonstrate distinct AE signal patterns in participants with knee osteoarthritis
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compared to healthy individuals. Moreover, a significant difference is observed among

AE parameters in all OA grade participants, and the KL grades are classified through

JSN obtained from radiographic findings. All signal parameters are acquired in increasing

order with decreased JSN among the KL grades. The highest values of signal features like

the number of acoustic hits 167±11, amplitude 76±1 (dB), signal duration 10±3 (ms),

absolute energy 401±151 (fJ ), and signal frequency 103±3 (kHz ) are identified as per

their dominance and suitability as a biomarker in the KL-4 grade group. The outcomes

from two-dimensional Principal Component Analysis (PCA) analysis are evaluated for

primary biomarker identification for OA detection, and it is revealed that sound ampli-

tude (dB) is the most dominating feature in the first principal component. In summary,

the AE technology is successfully validated in a quantitative assessment of OA detection.

The KL grade groups are distinguished successfully based on the obtained signal param-

eters and their validation through JSN confirmed the classification of grades among the

groups. The study findings concluded that the AE is found to be a promising tool for

the quantitative evaluation of knee OA using acoustic sensors and has proven efficacy in

signal feature identification and differentiation among the KL grades. Further, sensor-

based wearable systems are successfully developed for knee joint OA detection. AE can

be used as a non-invasive and non-radiographic tool for the progressive monitoring of

knee osteoarthritis, which could be explored for the continual monitoring of cartilage

degradation.
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Chapter 1

Introduction

1.1 Preface

Osteoarthritis (OA), is a degenerative joint disorder and an important global health con-

cern, especially in weight-bearing joints like the knee. Severe osteoarthritis in the knee

may substantially impact a person’s quality of life (Felson et al.) [1]. It may happen due to

various reasons like aging degeneration of soft tissues, obesity, the inadequacy of synovial

fluid in the joint capsule, severe accidents, etc (Nguyen et al.) [2]. As the population ages

and habits become more sedentary, the prevalence of knee osteoarthritis increases and

imposes an enormous burden on healthcare systems globally (Zhang et al.) [3]. Once peo-

ple fall into severe OA knee condition, very costly medicines are required regularly, and

sometimes it leads to total knee replacements (Losina et al.) [4]. Early identification of

knee osteoarthritis is essential for immediate medical treatments that may reduce symp-

toms, decrease disorder progression, and improve overall knee health conditions (Nagai et

al.) [5]. Furthermore, the traditional diagnostic methods for knee osteoarthritis frequently

involve non-invasive clinical examinations and imaging modalities such as X-ray imaging,

computed tomography (CT), ultrasonography, and magnetic resource imaging (MRI),

while optical coherence tomography (OCT) and arthroscopy are semi-invasive methods.

These examination procedures include substantial cost as well as time dependency (Nip-

polainen et al.) [6]. However, in the early stages of the disorder, these approaches may

be less informative, and by the time symptoms become apparent and as an outcome, per-
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manent joint damage might have taken place. Sometimes, it is very late to diagnose the

actual stage of osteoarthritis, and the patient is forced to undergo total knee replacement

surgeries. These surgeries cost a higher monetary value, pain, and patient’s precious time

with uncertainty of the success of the operation (Wylde et al.) [7].

Emerging technologies such as vibroarthrography (VAG) and acoustic emission (AE)

procedures are gaining importance in this discipline as non-invasive and sensitive tools

for the early detection of knee osteoarthritis. VAG is a technique that captures and

interprets vibrational signals generated during joint motion and provides vital informa-

tion about biomechanical changes in the knee joint (Blodgett) [8]. These vibrations,

which are frequently unnoticeable to the human ear, can be captured using specialized

sensors placed on the skin of the joint. The slight structural changes associated with

osteoarthritis in the knee joint appear as different vibrational patterns that can be ana-

lyzed for diagnostic objectives. VAG has a distinct benefit as it can detect early patho-

logical alterations in joint tissues, allowing for proactive treatments before severe clinical

symptoms develop (Peylan) [9]. In addition to VAG, acoustic emission methodology

introduces another dimension to the diagnostic evaluation of knee osteoarthritis. This

method includes detecting and analyzing high-frequency sound waves generated within

the joint during movement. Acoustic emissions can indicate underlying disorder processes

as the joint experiences friction, wear, and other degenerative changes (Chu et al.) [10].

Clinicians may acquire essential details about the health of the joint by capturing and

interpreting these small sound signals, and allowing them to recognize early indicators of

osteoarthritis with higher accuracy than standard diagnostic techniques. The integration

of VAG and acoustic emission technology has the potential to provide a comprehensive

and sophisticated understanding of knee joint health (Mollan et al.) [11]. Furthermore,
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these approaches are non-invasive, cost-effective, and easily deployable in clinical settings

which makes them a suitable method of diagnosis for routine screening and monitoring

of knee joints. In recent years, a significant advancement is observed in the development

of standardized methodologies and improved signal-processing techniques to extract the

relevant information from the complicated signals generated from VAG and acoustic emis-

sion measurements (Befrui et al.) [12]. These continuous improvements provide ease of

clinical assessment in the early diagnosis and management of knee osteoarthritis. Ulti-

mately, detecting and classifying knee osteoarthritis using vibroarthrography and acoustic

emission technology is an innovative approach that deals with overcoming the limitations

of traditional diagnostic methodologies. The use of these technologies holds enormous

promise for revolutionizing the early detection and management of knee osteoarthritis,

improving patient outcomes and reducing the socioeconomic burden associated with this

knee joint disorder. Implementation of VAG and AE techniques in clinical practice may

become an important tool against the rising global health burden posed by knee os-

teoarthritis (Karpinski et al.)[13].

1.2 Knee Joint Anatomy

In the human body, the skeletal system combines various typical bones with a system-

atic arrangement that provides structural stability and protection against the organs.

The knee joint acts as a load bearer that gives stability to the upper limb and helps

to do various daily activities like walking, running, jumping, playing, etc. (Verma et

al.) [14],(Abulhasan et al.) [15]. It is also known as a tibiofemoral joint, and it is the

largest articulation in the human body as shown in Fig. 1.1. The translation mode is in

the axes of anterior-posterior, medial-lateral, and proximal-distal, and further details can
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Figure 1.1: Knee Joint Anatomy (Verma et al.) [1].

be found in the referred literature (Gerard et al.) [16]. On the other hand, the knee joint

allows flexion-extension, varus-valgus, and internal-external rotations (Daniel et al.) [17].

The rotation motion is also associated with some degree of translation and vice-versa as

shown in Fig. 1.2. It happens because, during rotation, the femur and menisci move over

the tibia while the femur rolls and glides over the menisci in flexion-extension (Wu et

al.) [18]. It can effectively move from 0◦ extension to 135◦ flexion, together with 20◦ to

30◦ rotation of the flexed leg on the femoral condyles. Knee joint permits a total of six

degrees of freedom system, including three translations and three rotations. The joint

has four important features like a joint cavity, articular cartilage, a synovial membrane,

and a fibrous capsule. The knee joint is known as a synovial joint, as it contains a lu-

bricating substance called the synovial fluid. It comprises three main articulating bones,

i.e., femur, tibia, and patella. The strongest and longest bone is the femur, also said

as thighbone, tibia as the shinbone, and the patella, as the knee cap. There is another

bone fibula, i.e., next to the tibia which is not involved in the joint capsule but helps to

support the joint stability. There are two round shaped protuberances at the end of the
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femur and called femoral condyles. From the geometry of a knee joint, the inner side of

the knee is said as the medial side, and the outer side is said as lateral side (Gerard et

al.) [16]. So the femoral condyles are also classified as lateral and medial condyles of the

femur. Similarly, the tibial lateral and tibial medial condyles are identified. Inside the

joint, these femoral condyles form a grooved shape over which the patella glides. The

gliding direction of the patella is along the bottom front surface of the femur between

the femoral condyles. Patella protects the knee during the flexion-extension motion by

relieving the friction between cartilages and muscles. Tibia, also said as shinbone or

shank bone helps to stabilize the joint. At the top of the tibia, there is the attachment of

two sickle-shaped menisci, and as per the joint geometry, they are named as lateral and

medial menisci respectively. The primary function of these two shock-absorbing menisci

cartilages is to provide structural integrity to the knee when it undergoes tension and

torsion. They also help to disperse the load and reduce friction over the articular surfaces

of the tibia, and femur in the knee joint (Hamblen et al.) [19].

Two types of cartilage are present in the knee joint: the articular cartilage, which

covers the ends of bones, and the wedge-shaped fibrocartilaginous structure called the

menisci, located between the femur and the tibia. The shock-absorbing menisci are

composed of the medial meniscus and the lateral meniscus, which are two crescent-shaped

plates of fibrocartilage that lie on the articular surface of the tibia. The articular surfaces

of the knee joint are the large curved condyles of the femur, the flattened condyles (medial

and lateral plateaus) of the tibia, and the facets of the patella as shown in Fig. 1.1.

There are three types of articulation: an intermediate articulation between the patella

and the femur and lateral and medial articulation between the femur and the tibia. The

articular surfaces are covered by cartilage, like all the major joints of the body. Cartilage
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Figure 1.2: Knee Joint Movements (Verma et al.) [1].

Figure 1.3: Patellar Contact Areas during Patellofemoral Articulation (Verma et al.) [1].

is vital to joint function because it protects the underlying bone during movement. Loss

of cartilage function leads to pain, decreased mobility, and in some instances, deformity
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and instability. The movable joint, which ensures the presence of fibrocartilage or hyaline

cartilage layer opposite to the bone surface along with the synovial fluid in the cavity,

is known as a diarthrodial joint. Articular cartilage provides the smooth and lubricated

function of articulation during load-bearing actions and also has a low coefficient of

friction. In the human body where the stiffness of bone is improper, soft white tissue is

found and said as Cartilage.

Under the full extension of the joint, the tibia and femur are locked in place, and

they become unlocked until the flexion is not initiated. Once the knee flexed, the area

under contact with the patellofemoral surface starts moving upward. In this process,

both medial and lateral facets are involved up to 20◦ flexions as shown in Fig. 1.3. When

the knee flexed up to 90◦, the contact areas of the patellofemoral engage the upper pole

of the patella, and about 120◦ to 135◦ of flexion, the odd patellar facet articulates with

the lateral margin of the medial femoral condyle (Freeman et al.) [20].

Another very important joint part is the articular cartilage, which has a thickness

between 2 to 4 mm, and its deterioration results in severe knee osteoarthritis. It mainly

consists of a highly organized extracellular matrix (ECM) with a thin dispersion of the

only resident cell called chondrocyte. The extracellular matrix (ECM) naturally exists

in two phases; fluid phase of water and a solid organic phase. The water phase con-

tains synovial fluid (65-85% of total wet weight), and the solid phase contains organic

ECM proteins (15-35% of total wet weight) (Chen et al.) [21], (Sophia et al.) [22]. Knee

anatomy plays an important role in the designing of a wearable device. A further detailed

investigation related to knee joint biomechanics and its structural features can be found

in the reported literature (Zhang et al.) [23].
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1.3 Mechanical Properties of the Articular Cartilage

Akizuki et al. [24] investigated the tensile properties of the human knee cartilage. They

examined the influence of ionic conditions, weight-bearing, and fibrillation on the tensile

modulus. Viscoelastic and biphasic responses were observed under the tension, com-

pression, and shear. They also reported that even under uniaxial tensile loading, the

mechanical behavior of cartilage depends on the various parameters like strain rate, ionic

condition of fluid, biochemical composition, and the arrangement of collagen fibers and

proteoglycans, i.e., structural organization of the cartilage tissue. For determining the

equilibrium tensile properties, the authors used isometric tensile apparatus (ITA) and

concluded that the ECM shows a linear variation (up to 15% strain) in the equilibrium

tensile stress-strain behavior. Also, the tensile modulus value in the range from 1.0 MPa

to 30 MPa. It was observed that the variation in the tensile modulus as in superficial

zone, and it is 10.1 MPa while in the middle zone the value is 5.4 MPa. The higher value

in the superficial zone was observed because the collagen fibers are highly organized here.

In the knee joint capsule, the cartilage volume is small in comparison to other ligaments,

muscles, and tendons, so it is capable of sustaining a lesser amount of shock and energy

in human locomotion (Hu and Jerry) [25]. Apart from the cartilage structure, it is also

essential to analyze the biomechanical properties of cartilage-like tensile, compressive and

shear. As stated above that the tensile properties are mainly contributed by the collagen

fibers, and in the total volume of the cartilage, their diameters are varying. Due to the

diameter variation and varied orientations of collagen fibers in different zones, the tensile

property also varies.
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1.4 Knee Joint Disorders

The knee joint plays a significant role in the human gait cycle and supports almost the

entire weight of the body. The joint disorders can be broadly classified, such as joint

injuries, degenerative cartilage disorder like arthritis, mechanical problems in the joint,

and other like patellofemoral pain syndrome, etc. A knee injury causes severe pain in

the joint and some times, and it may lead to total knee replacement (TKR). The knee

disorders are explained here in detail.

1.4.1 Ligament Injuries

Knee joint ligaments are of four types. From the joint anatomy, these are anterior cruci-

ate ligament(ACL), posterior cruciate ligament(PCL), lateral collateral ligament (LCL),

and medial collateral ligament (MCL), respectively. Majewski et al. [26] reviewed the

epidemiology of athletic knee injuries, including ten years of study. During the survey in

10 years, the authors listed 17,397 patients with 19,530 sports injuries. Out of the total

sample data, 6,434 patients (37%) had 7,769 injuries (39.8%) related to the knee joint.

The percentage damage was recorded as 20.3% in ACL, 7.9% in MCL, 1.1% in LCL,

and 0.65% in PCL. Yu et al. [27] studied the mechanisms of non-contact anterior cruci-

ate ligament (ACL) injuries in soccer. They concluded that the significant ACL loading

mechanisms include the sagittal plane biomechanical factors like small knee flexion angle,

great posterior ground reaction force and great quadriceps muscle force. If the posterior

ground reaction force is high, then it will increase the quadriceps muscle force, and as a

result, it will cause a high anterior draw force at the knee. They also reported that, if

the knee flexion is small, then it is associated with a high patella tendon-tibia shaft angle
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and ACL elevation angle, and as a result, the load on ACL is high. ACL is not playing

a significant role to bear the knee valgus-varus moment and internal-external rotation

loadings so due to these movements ACL injuries are less. Chandrasekaran et al. [28]

reviewed the posterior cruciate ligament (PCL) injuries and focused on its anatomical,

biomechanical, and kinematic findings. During hyperflexion or hyperextension of the

knee joint, if tibia is displaced posterior to the femur, then PCL injuries are more prone

to occur.

1.4.2 Meniscus Injuries

Meniscus injuries can be classified as acute tears and chronic tears. An acute meniscus

tear is generally observed during sports injuries or trauma, whereas chronic damages oc-

cur due to severe overload. Surgical repair is recommended for acute tears, and physical

therapy or anti-inflammatory medications are prescribed for chronic tears. The menis-

cus is associated with several functions together in the knee joint like stability, shock

absorption, lubrication and articular cartilage nutrition, load transmission, and propri-

oception (Pyne and Scott) [29]. Lateral meniscus provides support in weight-bearing

activity, and medial meniscus provides joint stability. The meniscus is divided into three

vascular zones, and it has different tear orientations as shown in Fig. 1.4 The dark shed

shows the most vascular zone and has higher self-healing capability in comparison to

middle and central light shaded zones. Mesiha et al. [30] studied the pathologic char-

acteristics of the torn human meniscus and reported that meniscus repair significantly

depends on the age of the patients.
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Figure 1.4: Meniscus Vascularity System and Different Tear Orientations (Pyne and
Scott) [16].

1.4.3 Osteoporosis

Osteoporosis is a bone disorder and usually occurs due to low bone mass density. It is a

skeletal disorder in which the bones become fragile and leads to fracture. Osteoporosis

related fractures are more severe in the cancellous bone, which includes the proximal

femur, vertebrae, and distal radius. The disorder is more prone to occur in the female

gender and usually due to the low calcium intake with the extensive prevalence of vitamin-

D deficiency (Khadilkar et al.) [31]. The authors estimated that 46 million women (i.e.,

20% of 230 million Indians over the age of 50 years) have osteoporosis.

1.4.4 Cartilage Disorders

Arthritis is a cartilage disorder that includes inflammatory and degenerative deficiencies

in bone joints like the hip, knee, spine, foot, and fingers, etc. The exact cause of arthritis

in the human body is still not well known. Arthritis symptoms may include chronic pain
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and swelling in the body joints. It is often referred to as a single disorder, but in reality,

it is an umbrella term for more than 100 medical conditions that affect the musculoskele-

tal system in people from various countries and continents (Murray et al.) [32]. The

most common types of arthritis are Rheumatoid Arthritis (RA), Ankylosing spondyli-

tis (AS), Gouty Arthritis (GA), and Osteoarthritis (OA). Among all the above types of

arthritis, Osteoarthritis is one of the most prominent and common chronic disorders in

adults, mainly due to cartilage degradation or change in ECM structure. It causes severe

pain during joint articulation, mechanical instability, and sometimes inferior knee health

condition, which leads to total knee replacement (TKR) surgeries. Other joint level fac-

tors like muscle strength and mass (musculoskeletal factors), joints load and alignment

(human gait patterns) and leg length inequality, etc., may also be responsible for this

chronic disorder (Allen et al.) [33], (Buckwalter et al.) [34]. Inside the joint tissue, the

chondrocyte binds the calcium pyrophosphate and sodium urate crystals and confirms

the cause of osteoarthritis (Kim et al.) [35], (Liu et al.) [36]. The most common types of

arthritis are as follows:

(i) Rheumatoid Arthritis (RA):- Sweeney et al. [37] studied that rheumatoid

arthritis is a disorder which causes swelling and pain in the joints. It is an au-

toimmune inflammatory disorder that presents as a symmetric polyarthritis. RA

occurs with synovial inflammation and observed between the ages of 30 to 55 years

in 1% of the total population. Rheumatoid arthritis can occur at any age, but it has

been noted in the later life of the people. In the US, around 2.1 million adults are

affected by RA, and it results in irreversible joint disorder (Bird and Anthony) [38].

Mostly, it affects the small wrists and ankle joints in the human body as shown in

Fig. 1.5, (Andrea et al.) [39].
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Figure 1.5: Hand Changes of Rheumatoid Arthritis (Andrea et al.) [26].

(ii) Ankylosing spondylitis (AS):- It is an inflammatory rheumatic disorder that

usually affects the young people and the axial skeleton in the human body as

shown in 1.6. It results in inflammatory back pain, structural and functional loss

in the body, and reduced life quality. Ankylosing spondylitis (AS) is linked with

major histocompatibility complex (MHC) class I molecule HLA B27. Nonsteroidal

anti-inflammatory drugs (NSAIDs) and structured exercises are recommended for

patients with ankylosing spondylitis (Braun et al.) [40].

Figure 1.6: MRI Radiograph of Chronic and Active Changes in the Lumbar Spine of a
Patient with Ankylosing Spondylitis (Braun et al.) [27].
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Figure 1.7: Clinical Image of the Right Foot showing Gouty Arthritis with Extreme
Swelling, Erythema, and Tophi (Keyser et al.) [28].

(iii) Gouty Arthritis (GA):- Gout is also a disorder under the inflammatory arthritis

category, which mainly occurs with the increasing age of the people (Keyser et

al.) [41]. It happens due to the deposition of uric acid crystals in the joint and

results in poor health issues as shown in Fig. 1.7. Mikuls et al. [42] reported

the prevalence of gout as 1.5% (2.8% in men and 0.4% in women) by using the

Framingham data. The observation was found to be similar as the available data

from UK General Practice Research Database which shows the 2% among men and

1% among men and women combined which is an approximately similar prevalence

of gout. Gout seems to be more prevalent in an urban population with high-

purine diet intake, excessive alcohol consumption and physical inactivity (Smith et

al.) [43].

(iv) Osteoarthritis (OA):- Osteoarthritis is one of the most prominent and common

chronic disorders among adults, which mainly occurs due to cartilage degrada-

tion. It causes severe pain during joint articulation, mechanical instability, and

sometimes inferior knee health condition, which leads to total knee replacement
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(TKR) or knee arthroplasty (KA). In the human body, osteoarthritis may severely

affect various joints like hip, knee, foot or ankle, etc. The occurrence of the dis-

order may involve various person-level risk factors like demographic characteristics

and family history (genetic), obesity and metabolic syndrome, lack of nutrition

and vitamins in the body, bone density and bone mass and smoking habits, etc.

Other factors, which involve joint levels are like bone/joint shape, injury, muscle

strength and mass (musculoskeletal disorders), joints loads and alignment (human

gait patterns), occupation and physical activity, leg length inequality, etc. (Allen et

al.) [33].

1.5 Assessment of Cartilage Degradation

This section refers to the recent developments related to dominant causes of cartilage

degradation and its assessment methods. The first time tissue-level FE modeling and

indentation testing were performed on human tibial cartilage. OA severity has been veri-

fied by using modern fibril-reinforced poroelastic (FRPE) computational models (Ebrahi-

mini et al.) [44]. Further, they characterized the human tibial cartilage and investigated

a depth-wise structure-function relation in a statistical analysis model. Properties like

contents of proteoglycans and collagens along with collagen orientation angle were com-

pared in a derived model with traditional elastic and viscoelastic biomechanical cartilage

properties. Human tibial cartilage at different stages of osteoarthritis was reported as

a first study to establish structure-function relationships (Ebrahimini et al.) [45]. Re-

cently, Ebrahimi and his coworkers extended the research for the study of human femoral

condyle cartilage, and its constituent material properties were also analyzed. A significant

degradation in mechanical properties was observed in severe OA samples (Ebrahimini et

15TH-3463_176103116



Chapter 1

al.) [46]. An article has been published on the study of chondrocyte deformation un-

der mild dynamic compression of cartilage. During dynamic compression in ECM, the

metabolic behavior of chondrocyte changes and leads to its volume loss and mass transfer

from cell to ECM. It is observed at minimal strain (0–10)% (Komeili et al.) [47]. A new

electromechanical grading system is developed for the qualitative assessment of human

cartilage and its reliability test. The generated data set was compared with the arthro-

scopic International Cartilage Repair Society (ICRS) grading system. This development

can assist surgeons in human cartilage examination (Sim et al.) [48]. The effect of joint

relative surface velocity is more prominent for OA progression, as observed in an ovine

model study. In their work, a significant oscillations were observed in the relative velocity

in the tibiofemoral joint after injury (Vakiel et al.) [49]. Cartilage regeneration methods

have opened a broader scope for regenerative cell therapies. It is known that hyaline ar-

ticular cartilage and meniscal fibrocartilage lesions do not heal immediately. Researchers

generated 3D microtissues and self-assembled spheroids as a future therapy for cartilage

and meniscal lesions (De et al.) [50]. In a recent investigation, chondrogenesis of human

mesenchymal stem cells (MSCs) has been performed on scaffolds. These gelatin-based

scaffolds contained partially sulfated cellulose and a sulfated glycosaminoglycans (GAG)

mimetic derived from cellulose and compared with native GAGs. The authors concluded

that cartilage repair could be supported by using partially sulfated cellulose sulfate, and

it may be a feasible way for supporting chondrogenesis (Menezes et al.) [51].

Almeida et al. [52] explored Kartogenin (KGN) in human MSC chondrogenesis. It is a

small synthetic molecule used as an encapsulated nanoparticle that is helpful to decrease

the heterogeneity of MSCs and improve the potential to treat osteoarthritis. Authors

investigated the effects of KGN-loaded-PLGA-poly (lactic acid-co-glycolic acid) nanopar-
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ticles, PLGA–poly (ethylene glycol) (PEG) nanoparticles, and PLGA–PEG–hyaluronic

acid (HA) nanoparticles. It is observed that human MSC chondrogenesis has been im-

proved by using all KGN-loaded nanoparticles compared with non-KGN-loaded. Nei-

dlin et al. [53] introduced a novel drug evaluation method for healthy and OA subjects.

They evaluated the change in protein release in the ECM patterns and concluded that

the macroscopic behaviour changes by changing the structural properties in the cartilage.

1.6 Organization of the Thesis

The complete research work presented in the thesis has been organized into eight chapters.

The following is a brief outline of the each chapter’s content.

� Chapter One presents an introduction to the knee joint anatomy, various types

of cartilage diseases, mechanical properties of the articular cartilage and, different

types of knee joint disorders with their methods of assessment.

� In chapter Two, a thorough review of the literature in the domain of vibroarthrog-

raphy and, acoustic emission based knee OA detection is presented. On the basis

of in depth literature survey, research gaps are identified and, research objectives

are proposed.

� The development of an IMU sensor-based digital goniometer and its performance

validation for studying the knee joint kinematics is presented in Chapter Three.

� In Chapter Four, the development, performance validation, and outcomes of the

testing of a contact microphone-based wearable device on healthy and pathological

subjects are presented.
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� In Chapter Five, the study is performed using a commercial acoustic sensor sys-

tem on healthy and OA subjects of different age groups, and the outcomes are

investigated quantitatively in the form of various signal features.

� Chapter Six shows the validation of acoustic signal features with the obtained Joint

Space Narrowing (JSN) from the radiographic findings of OA subjects having dif-

ferent KL grades and the features are identified as a suitable biomarker for OA

detection and classification.

� Chapter Seven shows the fabrication and validation of an indigenously developed

acoustic microphone and Raspberry Pi 4-based knee joint health monitoring device.

� Finally, in Chapter Eight, the research summary and significant conclusions are

presented with suggestions for future research.
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Literature Survey

2.1 Introduction

This chapter provides a comprehensive review of pertinent literature surrounding OA

prevalence and the necessity for advanced detection methods. The sections provide an

overview of the prevalence rates of osteoarthritis in India and other countries, emphasizing

the urgent need for effective monitoring strategies. Subsequently, various methodologies

are explored employed in osteoarthritis detection, assessing their respective strengths and

limitations. Special attention is given to sensor-based joint monitoring systems, with a

focus on vibroarthrography as a potential diagnostic tool. However, the discussion ulti-

mately transitions to acoustic emission-based joint monitoring, highlighting its real-time

assessment capabilities and enhanced sensitivity in detecting pathological changes. Based

on the thorough literature survey, technical gaps are identified and research objectives

are framed with a proposed methodology.

2.2 Prevalence of Osteoarthritis

As discussed in the previous chapter 1, knee OA is the most common degenerative joint

disorder and mainly occurs due to the degradation of articular cartilage (Pal et al.) [54].

It is a global burden, and it affects around 18% of females and 9.6% of males over

the age of 60 years worldwide (Alkady et al.) [55], (Glyn et al.) [56]. Its prevalence
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increases dramatically with aging and is considered as the 10th leading cause of nonfatal

burden worldwide (Rahaman et al.) [57]. Pathological alterations become apparent in the

advanced stage of OA. These transformations result in the softening of articular cartilage

that leads to chronic ulceration and localized erosion on the femoral and tibial condyle

surfaces. As a result, it becomes an irreversible disorder in humans, especially in females

and older people, allowing severe joint pain and stiffness (Akinpelu et al.) [58]. Brennan et

al. [59] studied arthritis in six low-middle-income countries. The survey was done in

China, Ghana, India, Mexico, Russia, and South Africa. They analyzed the data of

44,747 samples from the World Health Organization (WHO) on global aging and adult

health. The highest standardized arthritis rate was observed as 38% for men and 17%

for women in Russia. Kellgren and Lawrence [60] established a radiological assessment

method that identifies the prevalence of knee osteoarthritis, classifying the condition into

five grades.

As shown in Fig. 2.1, Grade-0 confirms that there are no OA symptoms. Grade-I

signifies a doubtful narrowing of joint space and possible osteophytic lipping. Grade-

II assures the osteophyte certainty and possible narrowing of joint space. Grade-III

confirms the moderate multiple osteophytes, inevitable joint space narrowing, presence

of few sclerosis, and some possibility for the damage of bone contour. Grade-IV falls

under the severe stage of OA and confirms the large osteophytes, marked narrowing of

joint space, severe sclerosis, and deformity of bone contour (Chen et al.) [61]. Another

method was reported by Ackerman for the Western Ontario and McMaster Osteoarthritis

Index (WOMAC), which is widely used for the measure of the knee and hip osteoarthritis

and was developed in the early 1980s (Ackerman and Ilana) [62], (Gandek et al.) [63]. The

analysis of a pain management system WOMAC consists of three different dimensions
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Figure 2.1: X-ray Radiographs of KL Grades in Knee Osteoarthritis (Chen et al.) [48].

Figure 2.2: Cross-sectional Study Reported OA Prevalence in India (Yadav et al.) [52].

of diagnosis like pain, stiffness, and physical function in the ordinal scale index between

0-4. The lower index indicates a lower level of symptoms (McConnell et al.) [64].
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In a recent study, five major sites in India are reported with the prevalence of OA knee

over the sample size of 1000 people per site as shown in Fig. 2.2. The overall prevalence of

primary OA knee in different sites of India is reported to be 33.2% in large cities, 19.3%

in small cities, 18.3% in towns, and 29.2% in villages (Yadav et al.) [65]. Very limited

research data from the North-Eastern region of India on the prevalence of knee OA is

published so far. Some studies are reported based on work culture, habitats, and other

health aspects. The prevalence of knee OA is found to be 29.4% among 320 subjects

working in the tea garden in the Jorhat District of Assam (Buragohain et al.) [66], 7.6%

over the target population of 539 in the Keinou Village of Manipur (Ghodke et al.) [67],

and 85% in the sample size of 200 people residing high-altitude areas of Tripura (Haque et

al.) [68].

2.3 Methods of Osteoarthritis Detection

Knee osteoarthritis is an epidemiology in India and other countries, which challenges

to find the best possible solutions in knee health care and advance medical treatments

for the same. Various diagnostic methods are already available, and they have their

importance as a diagnostic tool with certain limitations. Multiple sensors are also used

to develop advanced wearable systems for knee joint health assessment in different aspects.

However, selecting sensors to build an accurate and reliable joint monitoring system is

a critical criterion. For the development of a wearable device, essential features include

high efficiency and accuracy, excellent reliability, high sensitivity, small size, lightweight,

low energy consumption, and minimal processing resources. This section covers a detailed

literature survey on osteoarthritic diagnostic methods, advanced sensor systems, and their

use in OA detection with limitations.

22TH-3463_176103116



Methods of Osteoarthritis Detection

2.3.1 X-Ray Imaging

The X-ray examination of an osteoarthritic knee mainly shows the presence of joint space

narrowing, osteophytes, and subchondral bone sclerosis (Nagaosa et al.) [69]. It is a non-

invasive method in which joint space narrowing reflects the cartilage thickness on X-ray

images. Osteophytes indicate marginal bone reaction proportional to the cartilage loss,

and subchondral bone reactions or condensation is associated with the overlying fibro

cartilaginous damage (Fife et al.) [70], (Felson et al.) [1]. These X-ray examinations can

be performed in three different joint views (frontal view, lateral view, and tangential

view), but only in two dimensions. It is understood that these radio graphical X-ray

examinations must be performed very carefully with proper alignment of the X-ray beam

and orientation of the patellofemoral compartment (Bedson et al.) [71].

Limitations: Chaisson et al. [72] revealed that there is a limitation in radiographic

X-ray imaging. It was found that the skyline or lateral view of the patellofemoral joint

gives an unsatisfactory image from an osteoarthritis point of view. Joint space narrowing

and osteophytes are the OA identification criteria, but Teichtahl et al. [73], in their

study, revealed that in X-ray images, the longitudinal reduction in the joint space is

not necessarily an accurate measurement of the articular cartilage volume. The authors

also stated that osteophytes might be the outcome of musculoskeletal traction forces.

Thus, the conventional radiography technique is not ideally suitable for the detection of

osteoarthritis.
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2.3.2 Ultrasonography

Ultrasound imaging is a susceptible detection method for soft tissue changes like joint

space narrowing and subchondral bone density in the musculoskeletal structures (Doria et

al.) [74]. It is a non-invasive and cost-effective method in which high-frequency trans-

ducers are used. For hip joint assessment, the ultrasonic frequency should be less than

10 MHz, while for optimal cartilage visualization, it should exceed 13 MHz (Moller et

al.) [75]. The ultrasonography method is well suited for OA detection. Moreover, low-

intensity pulsed ultrasound (LIPUS) has remarkable benefits in bone fracture healing. It

is reported that LIPUS is highly effective in cell metabolism and the resurrection of soft

tissues like mandibular condylar cartilage (Tanaka et al.) [76]. It can record positional

and dimensional changes of soft tissues, tendons, ligaments, synovial recesses, bursae,

cartilage, and peripheral conditions of the meniscus (Hossian et al.) [77]. This method

has diagnostic potential in knee OA and reveals long term predictability for disease pro-

gression as an imaging biomarker (Oo and Bo) [78].

Limitations: The application of the ultrasound method in OA detection has a chal-

lenging restriction (Iagnocco et al.) [79]. The ultrasonic visualization of the articular

cartilage is limited by the acoustic window, whose width is determined by the anatomy

of the joint tested because the ultrasound beam is not able to penetrate the bony cor-

tex (Ostergaard et al.) [80]. Assessments of the cartilage of the weight-bearing areas

are difficult in patients with advanced OA due to limited active flexion. The cartilages

of the patella and the tibia are always challenging to examine, and also the depth of

subchondral bone erosion cannot be predicted by using the ultrasound method. Further-

more, the examination of multiple scanning planes in the clinical setting can be time

consuming (Guermazi et al.) [81].
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2.3.3 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging is the non-invasive assessment of the articular cartilage and

sensitive to identify the defects of articular cartilage surfaces (Bredella et al.) [82]. MR

imaging can be used for repeatable determination of articular cartilage thickness, and

topographical maps obtained from MR images may assist in the characterization of in-

vivo orthopedic conditions (Eckstein et al.) [83]. 3-D reconstructions of the cartilage

thickness and the joint are a beneficial assessment for detecting the knee OA (Leersum et

al.) [84]. MRI examinations of the knee are also useful to detect chondromalacia, which is

not possible with conventional X-ray images. A chondromalacia patella is a disorder in the

knee in which the cartilage under the patella surface deteriorates and softens (Cashman et

al.) [85]. MRI data is helpful to predict the development of OA. It is reported that,

template-based finite element (FE) modeling is an appropriate solution for knee joint

analysis and OA detection (Mononen et al.) [86]. Further, the authors extended their

work applied computed tomography (CT) to model the knee joint. They concluded that

the CT method could produce similar results as MRI data sets [86] at high resolution

and low cost (Mohammadi et al.) [87]. In a recent study, the characteristic recovery time

is proposed as a non invasive marker with its potential to measure cartilage mechanical

properties through quantitative MRI (Cutcliffe et al.) [88].

Limitations: The MR imaging technique is still under development, and routine imag-

ing of human joints is not fully established in clinical practice. It is a costly diagnosis

method. Additionally, an excellent histological and macroscopic correlation can only be

observed in severe grades of chondromalacia, and MR does not meet this requirement.
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2.3.4 Optical Coherence Tomography (OCT)

It is an infrared-based imaging technique that gives a supportive environment to the in-

vivo cartilage images at a micrometers resolution. When the infrared beam is scanned

across the tissue surface, three-dimensional images can be produced to interpret the

tissue’s microstructure. Li et al. [89] revealed osteoarthritic knee cartilage imaging us-

ing high-resolution optical coherence tomography during open knee surgery. The author

achieved the first non-invasive, real-time in-vivo imaging of human cartilage in healthy

and osteoarthritic knee joints, with a resolution measured in micrometers. Rashidifard et

al. [90] studied that OCT is beneficial for the microstructural interpretation of the car-

tilage tissue. Over the current imaging methods like MRI, and X-ray, OCT reflects

various advantages. It can surface at a resolution 25x higher than the clinical subsur-

face at a speed of 120 high-resolution images per second. Chu et al. [91] reported that

optical coherence tomography could provide quantitative information about the disease

state of articular cartilage. The authors also stated that the simultaneous evaluation of

arthroscopy and T2 MRI measurements in OCT makes it a powerful potential tool for

the detection of early chondral changes.

Limitations: The combination of arthroscopy and T2 MRI makes this method more

invasive, which is highly dependent on the operator use and image post processing for

the direct assessment of the articular surface. In a study by Mokbul and Mobin [92], the

author explained the limitations of OCT in the measurement of smaller vessels less than

20 micrometers. The various OCT setups are under development, which can reach up to

the 1 µm imaging depth.
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2.3.5 Arthroscopy

It is a semi-invasive surgical procedure in which quantitative mechanical evaluation is

performed using a hand-held indentation of a probe. Arthroscopy is a valuable technique

for inspecting the interior of a knee using an arthroscope, which is inserted into the joint

through a small incision during the procedure. It is an excellent tool for the assessment of

cartilage losses and the classification of chondromalacia lesions. In a patellofemoral study,

it is reported that arthroscopy is an adequate tool for the diagnosis and classification of

degenerative changes of the patellofemoral joint (Fleming et al.) [93]. A custom fiber-

optic arthroscopic probe having near-infrared (NIR) spectroscopy detection was used to

measure the damage in cartilage associated with post-traumatic OA and idiopathic OA

knee. This will be a useful technique for cartilage repair in arthroscopy (Nippolainen et

al.) [6].

Limitations: The influence of the indenter geometry has been observed in the arthro-

scopic evaluation of cartilage degeneration. The porosity and the indenter geometry may

produce distinct deformation properties in cartilage, which may affect the precise evalu-

ation (Li and Herzog) [94]. A limitation of the procedure is that it cannot be used for

patients with highly degenerated knees due to OA, ligamentous instability, meniscectomy,

or patellectomy. The arthroscopic treatment cannot be used as a repeated assessment

of patients over time due to its semi-invasive nature and anesthesia requirements. Knee

arthroscopy is not efficient for patients who suffered severe degenerative changes in both

femoral condyles like chondrocalcinosis (Ogilvie et al.) [95].
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2.4 Sensor-Based Joint Monitoring System

Various sensors have been used for the knee joint health assessment in different as-

pects. Mukhopadhyay [96] reviewed the selection of sensors to develop an accurate and

reliable joint monitoring system. High efficiency and accuracy, excellent reliability, high

sensitivity, small size, lightweight, lower energy consumption, and limited processing

resources are the critical features for developing a sensor-based wearable device. The dif-

ferent sensor technologies for the monitoring of human body joints are discussed below.

2.4.1 Optical Sensors

Donno et al. [97] reported that the Optical sensor-based joint monitoring systems are

mostly used with intensity modulation or visual navigation methods. A prototype of

a flexible optical fiber goniometer has been developed for the measurement of relative

angle in a rotating joint. The sensor prototype has a range of a relative angle of 90◦,

and it was lightweight, flexible, and highly accurate. Quantitative human gait analysis

was performed by (Bilro et al.) [98], and the authors introduced a low-cost wireless

and wearable gait monitoring system based on a plastic optical fiber sensor. Lim et

al. [99] proposed a reliable and non-intrusive design of an optical-based goniometer for

human joint measurement. The device was compact, lightweight, and confirmed the

adherence to human skin even during the stretch. Stupar et al. [100] developed a low-

cost and straightforward intensity modulated fiber optic curvature sensor to measure

joint movements. Plastic optical fiber was used for sensor fabrication, and the sensor

was optimized for small curvature measurements. It was a wearable, non-invasive, non-

intrusive, and completely harmless device. By measuring the attenuation of the optical
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signal, the bending angle of the fiber is determined, and due to this simple sensing

principle and structure, the optical fiber sensors can be integrated into a monitoring

system for measuring human joint angles (Rantala et al.) [101]. Li et al. [102] developed

a mathematical model and prototypes for monitoring the motion of human elbow and

wrist joints. The designed wearable device can examine the upper limb gestures and

convert the joint motion angle into a displacement. Vakiel et al. [103] fabricated a small

Fiber Bragg Grating (FBG) sensor (diameter of 125-300 µm and sensing length of 1 mm)

which can be inserted in the joint space. The possibility of degenerative conditions was

observed by measuring cartilage stresses in both healthy and injured knee joints.

2.4.2 Imaging and Video-Based Tracking System

For the monitoring of human joints, imaging and video-based human skeletal tracking is

widely recognized and accepted. In November 2010, Microsoft released an inexpensive

accessory device known as Kinect. The device was able to measure joints and their po-

sitions without any markers. Kinect is a peripheral device for the Microsoft Xbox 360

console, allowing users to control games with their bodies instead of conventional con-

trollers (Mobini et al.) [104]. In a study, MATLAB Kinect Skeletal Tracking (MKSTS)

system was designed using MATLAB programming software. An economic system as an

alternate gait analysis method is developed and suggested that MKSTS is valid for use as

an alternative method in determining the gait parameters (Abiddin et al.) [105]. Islam et

al. [106] reported that musculoskeletal disorder is increasing in humans due to accidents

and aging. It is a significant concern for future orthopedics, and they proposed a sys-

tem to monitor the movement of human body parts in different yoga poses. Microsoft

Kinect was used for real-time detection of joint points, and they determined the various
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angles to measure a particular yoga pose’s accuracy. Wang et al. [107] observed that a

single depth camera could only estimate the human joint position in its field of view.

Imaging and video-based joint tracking systems are a popular and reliable monitoring

technique, but they require complex, expensive infrastructure and sophisticated analy-

ses. This system is only useful with a pre-equipped environment and setup, restricting

users and their usual movements, making it unsuitable for continuous and long term joint

monitoring (Patsadu et al.) [108].

2.4.3 Textile Based Sensors

Textile based sensors are highly suitable to measure joint angles. Flexible conductive

sensors, flex sensors, strain sensors, etc., are the significant types. They work on the

principle of resistance changes, which is directly related to the corresponding joint an-

gles (Bergmann et al.) [109]. These sensors can be easily integrated into stretchable

skin-tight fabrics around the joints. Gibbs et al. [110] developed a new method using con-

ductive fibers incorporated into comfortable, flexible structures to monitor and measure

human movement by measuring single or multi-axis joint angles. Bakshi and Mahoor [111]

reported a wearable sensor system for the measurement of joint body flexion. The au-

thors used multiple flex sensors and mounted them on a supportive cloth to measure

a joint’s flexion angle, and error was estimated. Gioberto [112] developed a garment-

integrated wearable sensor for knee joint monitoring by stitching sensors into the fabric

to detect stretch and, compiling the error estimation in the measured joint angles. To-

taro et al. [113] studied the lower limb joint position by developing soft smart garments.

A capacitive strain sensor was used in the process with a combination of conductive and

dielectric layers, and a knee brace embedded with three capacitive strain sensors is devel-
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oped. Jeong et al. [114] developed a microfiber-based wearable health-care sensing device

that can monitor the human body’s health status even without affecting the sweat of the

body and water. The device was made of Polyurethane (PU)–Tin oxide (SnO2)–carbon

nanotube (CNT) composite microfiber. Park et al. [115] used conductive yarns and differ-

ent textile substrates like braided elastic fabric, knit fabric, and woven fabric to produce

a wearable sensor for the human body. These sensors give output signals corresponding

to the folding motion of the spinal joint over a predetermined angle of movement and

the gait pattern of the wearer of the sensor. A sensor is fabricated based on flexible

and stretchable CCF (chopped carbon fiber)/PDMS (polydimethylsiloxane) conductive

yarns in recent development. These sensors are designed on the piezoresistive (resistance

strain) principle for detecting human joint motion (Montazerian et al.) [116].

2.4.4 Inertial Measurement Unit (IMU) Sensors

IMU sensors are widely used to measure three-dimensional accelerations, angular veloc-

ity, and the magnetic field vector. As a unit, three sensors (accelerometer, gyroscope,

and magnetometer) are assembled in one device and are usually termed as micro-electro-

mechanical systems (MEMS) having 9 degrees of freedom (DOF). These IMUs are the

most promising and compact units for clinical applications and play an important role

in designing wearable devices. IMUs can be used to measure joint motion, its angular

position, and joint orientation with precision and accuracy. The authors suggested using

two IMUs for the compensation of joint alignment and accurate measurement of joint an-

gle (Bakhshi et al.) [117], (Favre et al.) [118]. Favre et al. [119] developed a new calibration

method for the joint coordination system. They validated the measured data from IMU

against the Liberty magnetic motion capture and tracking device (Polhemus, Vermont,
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USA). A functional calibration procedure was added to assess the error by comparing the

results obtained from the combined method to the reference system. In another study

by Seel et al. [120], the use of a magnetometer was excluded from the IMU unit, and the

device used only accelerometer and gyroscope data. They identified through indoor mea-

surements that nine degrees of freedom IMUs could suffer from magnetic disturbances

due to other magnetic devices present in the experimental environment. Two IMUs and

six DOF systems were suggested to improve the accuracy of joint angle measurements by

doing precise calibration and alignment.

Here, the recent developments in IMUs positioning on the joint, their frequency ranges,

and method of analysis are reviewed. Optical tracking systems for hip and knee joints

have been reported with RMS error less than 3.0◦ using three IMUs with 9 DOF unit

at a sampling rate of 10-100 Hz (Salehi et al.) [121]. A similar study was conducted

with a stereophotogram metric system to measure hip and knee joint angles using three

IMUs with a 9 DOF system and reported RMS error less than 3.2◦ with a sampling

rate of 100 Hz (Bonnet et al.) [122]. Four IMUs and 9 DOF systems were introduced

for the hip and knee joint tracking in consecutive years using a computer mathematical

simulation at 50 Hz sampling frequency. The maximum RMS error was reported as

1.7◦ (Vargas et al.) [123]. Goniometer based two IMU system has also been reported to

estimate knee joint angle with 100 Hz sampling frequency, where 5.15◦ mean RMS error

was reported (Tognetti et al.) [124]. A vision-based motion capture system became most

popular in the last few years and widely used for human gait analysis (Crews et al.) [125].

The authors introduced two IMUs with 9 and 6 DOF systems for angle measurement,

heel-strike and toe-off event in gait analysis. They reported a very high correlation

(less than 0.947) with this system and estimated the RMS error of 8◦ during the joint
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angle measurement. During the data collection, the sampling frequency of 30 Hz and

128 Hz was followed. A similar study by Ong et al. [126] was reported with an improved

and economic human motion analysis device for quantitative assessment in human gait

experiments. Authors reported with two IMUs and 6 DOF, a commercial video motion

analysis system. The RMS error was estimated to be 5% in angular velocity and 7% in

average bending angle with sampling frequency in the range of 20-50 Hz.

2.5 Vibroarthrography

Vibroarthrography (VAG) is recognized as an emerging tool for the detection of knee

osteoarthritis. In this technique, the sound or vibrations originated from the infected

knee are mainly targeted to capture. After analyzing the vibration and sound frequency

pattern, the Kellgren and Lawrence grades of osteoarthritis are determined. This disease

detection method is advantageous because it integrates real-time examination in dynamic

mode, is radiation-free and inexpensive, and effectively assesses knee cartilage damage

during various movements such as flexion-extension, sit-to-stand, and stand-to-sit. This

method is entirely non-invasive, cost-efficient, and perfectly suitable for the dynamic

detection of knee joint disorders. Blodgett [8] was the pioneer author in vibroarthrography,

who suggested that auscultation may be an innovative method for detecting joint diseases.

In his experimental procedures, he used the full-sized bowles stethoscope with a soft

rubber cap that sprung over the diaphragm and suggested that in comparison to other

joints, the knee is the most suited for the analysis of sounds.

Steindler [127] used a cardiophone (a diaphragm connected to a crystal) to exclude

the skin’s friction noises and recorded the output on an oscillograph. Steindler found the

two major problems in his experiment; (i) the difficulty in eliminating the outside and
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extra-articular noises and (ii) the difficulty in locating the sound center from where the

sound originates. Steindler’s report was the first communication on the appreciation of

sound phenomena in the locomotor system for diagnostic purposes. He also introduced

the nomenclature of knee sounds like crunching, grating, cracking, and isolated sounds.

Crunching sounds were observed as very fine, low, weak, and sustained. Grating sounds

were higher, coarser, and louder while cracking was a harsh, continuous, and high pitched

sound. Peylan [9] studied around 214 patients with several arthritis types using a regular

and an electronic stethoscope. The aim of the experiment was to distinguish between

osteoarthritis and rheumatoid arthritis but could not get positive outcomes. Hunter and

Brooks [128] detected the articular joint noises by using the crystal type microphone

applied on the medial and lateral knees and recommended that the technique can be

used as a diagnostic tool. Chu et al. [10] reported that a unique acoustic signature could

be obtained from rheumatoid and degenerated knee joints. It was observed that cartilage

deterioration has a significant correlation with the degree of acoustic power. The authors

verified the observations by using bovine joints and in-vitro simulations. For knee joint

sound pick up, the authors used two microphones and a differential amplifier. Mollan et

al. [11] followed the previous pilot studies and conducted various experiments to capture

the knee joint sounds using a condenser microphone. Attempts were made to exclude

skin friction and ambient noise. Mollan and his coworkers further studied and revealed

that using a piezoelectric based accelerometer is the more suitable method for detecting

vibrations from human joints (McCoy et al.) [129].

Kernohan et al. [130] developed the concept of vibration arthrometry and applied the

technique to examine hip dislocation in an infant group. In this method, an accelerometer

was used with a piezoelectric crystal with a mass resting on it and covered in a metal
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case. In another study by Kernohan et al. [131], joint angular velocity was analyzed

during the vibration arthrometry measurement. The authors strongly recommended the

standardization of the joint speed to correct the signal level and accurate measurement

of the degree of the joint damage. Tavathia et al. [132] introduced a method of linear

prediction (LP) modeling for the segmental and quantitative analysis of the knee joint.

They revealed that the past studies did not consider the nonstationary nature of the

obtained signal in their investigation. Zhang and Rangayyan [133] focused on the impor-

tance of muscular interference during the vibroarthrography (VAG). They concluded that

along with the skin friction and ambient noise, the muscle contraction interference (MCI)

is also significant to rectify because this artifact contaminates the low-frequency VAG

signals produced by the knee joint. Reddy et al. [134] focused on the fast leading tech-

nology in health care engineering and characterized knee arthritis and chondromalacia

by using a non-invasive acceleration method. Shen et al. [135] introduced the localization

of knee joint cartilage pathology by multichannel vibroarthrography. They revealed the

limitations that the number of transducers is not enough to locate the source of VAG

signals originating from the joint. Maussavi et al. [136] reported a screening method

of vibroarthrographic signals using adaptive segmentation and linear prediction model-

ing. Rangayyan et al. [137] worked on the parametric representation of the VAG signals

and reported the study between three parameters; Autoregressive (AR) coefficients, dom-

inant poles, and cepstral coefficients. The authors reported that cepstral techniques were

well suited for analyzing signals that contain echoes (wavelets) of a fundamental wavelet

or a signature. The other related articles in this field are summarized in Table 2.1.
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Table 2.1: Summary of the knee joint vibroarthrography

References Methodology Conclusions

Rangayyan

and Wu [138]

Analyzed the variability of the

VAG signals and their radial basis

functions were carried out on the

database of 89 VAG signals.

The screening efficiency was

achieved by up to 85%.

Wu and Kr-

ishnan [139]

Again the same previous database of

89 VAG signals was analyzed using

the least squares support vector ma-

chine (SVM) method.

Classification accuracy was im-

proved up to 80.9% by using

multiple classifier systems (MCS)

based on a recurrent neural net-

work (RNN).

Tanaka and

Hoshiyama

[140]

Analyzed VAG signals and angular

changes of the knee in a total of 145

patients, and joints were recorded by

using three axes accelerometer with

an amplifier.

Maximum VAG signals were ob-

served in the OA knees at

50−99 Hz and 100−149 Hz dur-

ing standing up and sitting down

movements, respectively.

Table 2.1: Continued on next page
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Table 2.1: continued from previous page

References Methodology Conclusions

Wu et

al. [141]

Performed the signal classification

using Fisher’s linear discriminant

analysis, SVM with polynomial

kernels, and the maximal poste-

rior probability decision criterion to

model the distributions of the VAG

signals recorded from healthy and

unhealthy subjects.

The signal classification accuracy

was recorded as 86.67 % in the

maximal posterior probability cri-

terion compared to other meth-

ods.

Wu et

al. [142]

Introduced the ensemble empiri-

cal mode decomposition (EEMD)

and detrended fluctuation analysis

(DFA) approach for removing the ar-

tifacts in the VAG signals.

Recorded signal to noise ratio

(SNR) as 20.52 dB in EEMD and

20.87 dB in DFA. The authors

concluded the possibility of im-

proving the SNR by combining

two algorithms.

Andersen et

al. [143]

The authors used an accelerometer

as a sensor in the majority, and sig-

nals were recorded in a frequency

range below 1000 Hz.

The authors suggested the use of

multichannel VAG recordings for

better differentiation in knee joint

disorders.

Table 2.1: Continued on next page
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Table 2.1: continued from previous page

References Methodology Conclusions

Befrui et

al. [12]

A machine learning approach with a

linear SVM was used for the signal

characterization and placed a minia-

ture accelerometer and one piezo-

electric disk on each subject’s knee.

Using machine learning with a

linear support vector machine,

a classification specificity of ap-

proximately 0.8 at a sensitivity of

0.75 could be achieved.

Karpinski et

al. [13]

The knee’s open and closed kine-

matic chain movements have been

differentiated by doing FFT, recur-

rence plots, and recurrence quantifi-

cation analysis (RQA).

Cartilage degradation was vali-

dated, and a method was sug-

gested for bioacoustics signal

analysis.

Safaei et

al. [144]

Used an external vibration simula-

tion by considering the knee as a

linear system between 50 Hz and

10 kHz frequency under a compres-

sion force of less than 5 N and char-

acterized the vibration signals in au-

dible frequencies.

Substantial attenuation of the

transmitted vibration energy is

observed in the frequency for a

few kHz and, above 1 kHz. A

gradually increasing trend of the

frequency response was reported

for frequencies above 3–4 kHz.

Table 2.1: It ends from the previous page.

Various researchers recommended using the accelerometer, IMUs, goniometers, am-

plifiers, bandpass filters, analog to digital converter, and a software package to receive

complete information from the knee. The correct positioning of the vibration or acous-
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tic sensor on the knee is also very important to detect acoustic emissions. Background

noise is always a matter of concern while recording the signals. Choi et al. [145] devel-

oped an advanced piezoelectric sensor by considering design modifications. The authors

used a pin-type probe at the center of a unimorph device in which a disk-shaped piezo-

electric ceramic and a metal plate were bonded. They concluded that the probe would

make direct contact with the skin site, and there will be no need to eliminate the back-

ground noise in such a system. The study was conducted using a piezoelectric sensor

on twenty healthy subjects (11 males and 9 females, age: 25.4±1.9 years ; body mass:

64.0±10.0 kg ; height: 169.5±6.0 cm). The subjects have no previous injuries, symptoms

of swelling, and pain. The experimental protocol was followed by informing each partici-

pant, and written consent was approved by the Yonsei University Research Ethics Com-

mittee, South Korea. Fourteen more OA patients were diagnosed with Kellgren Lawrence

grades I and II (3 males and 11 females, age: 63.0±8.9 years ; body mass: 63.3±9.7 kg ;

height: 162.4±8.4 cm). The authors constructed a sensor verification system using four

piezoelectric sensors to measure the time delay and sensitivity characteristics of output

signals between sensors. During the test, the subject was asked to cross their arms across

the chest and performed flexion-extension (non-weight-bearing) and four-phase sit-stand-

sit exercise (weight-bearing). The acoustic sensors were placed at the medial epicondyle

of the tibia, the tibia’s lateral epicondyle, and the front of the patella. Two inertia sensor

units were also attached to the thigh and tibia, and the knee joint angles were calculated

using relative angles during the tasks. The sampling rate was 50 kHz for acoustic sensors

and 100 Hz for inertia sensors. A 30 bpm metronome was used to maintain the speed

of exercise. The maximum flexion angle was 90◦ during the test exercise and repeated

in 2 minutes break for both methods. Short-time Fourier transform (STFT) was used
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for the spectral analysis of the AE signal, and each signal was divided into small data

frames. Then Fast Fourier Transform (FFT) was applied to each data frame. The authors

verified their findings from previous study (Toreyin et al.) [146]. They suggested that

a pin-type probe in the piezoelectric sensor can detect the knee joint sounds, and there

is no need to remove the artificial background noise by using this sensor. Studies also

reported that the bending velocity of the hip joint varied during sit-stand-sit exercise.

The height of the chair also affects the lower extremity muscles and knee joint. In this

research, the speed influence was eliminated using a metronome, and the chair’s height

was adjusted such that the knee joint angle was 90◦ when the subject was seated. The

VAG signals are also associated with the age of the subjects, yet this method appears to

be a promising non-invasive and low-cost tool for OA detection (Bkaczkowicz et al.) [147],

where the range of frequency of VAG signals in healthy and OA patients. The healthy

group exhibits a frequency less than 1 kHz, while in the OA groups, it lies above and up

to 10 kHz.

2.6 Acoustic Emission-Based Joint Monitoring

Various researchers from different groups have focused on the piezoelectric film-based or

MEMS-based microphones for capturing the knee joint sounds during the last few years.

The sound originated from the knee is termed acoustic emission (AE) and produces vi-

broarthographic (VAG) signals. Ali et al. [148] introduced the role and importance of

piezoelectric energy harvesters in biomedical applications. The authors investigated the

influence of new piezoelectric materials to design biomedical devices like cardiac pace-

maker and active pressure sensors. Prior et al. [149] used piezoelectric transducers to

detect the sound waves up to 400 kHz in a joint acoustic analysis system. They preferred
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to use a laptop controlled data acquisition system connected with two AE sensors and

an electrogoniometer. Electrogoniometer recorded the point of each movement where

angular velocity crossed the threshold of 0.1◦. Burst signal waveforms were defined above

a threshold of 32 dB in the joint acoustic events. Shark et al. [150] reported the impor-

tance and use of piezoelectric sensors as a biomarker in a knee joint acoustic analysis.

Two electrogoniometers and an amplification unit were also attached to the AE sen-

sors on the medial compartment of the knee joint. Signal analysis was conducted on 53

healthy and OA knees, focusing on the four-phase sit-stand-sit movements and consid-

ering joint movement angle and angular velocity. The number of AE hits in statistical

analysis has increased with the growing age group and a change of knee condition from

healthy to OA in each movement phase. The maximum increase was found to occur in

the ascending-acceleration movement phase. Paul et al. [151] used the piezoelectric trans-

ducers to develop a novel Wireless Health Orthopedics system. Mohd Noor Anas [152]

developed a non-invasive bioacoustics measurement system to assess articular cartilage

diseases in the human knee joint. The dynamic cycle of flexion-extension and sit-stand-

sit movements were observed by using a high sensitive piezopolymer transducer. The

author noted a lower frequency component (<120 Hz ) in the healthy knee and a higher

frequency component (>200 Hz ) in the abnormal knees. He also suggested improving

the measurement by using extra weight on the subjects and using multi-sensors. Impulse

response method is used to give continuous impulse to the knee. A custom made load

cell is used to record the sound and vibration from the knee. The authors used it as a

non-invasive screening tool on the healthy and OA subjects, and they obtained a 21 Hz

to 30 Hz power spectrum from the tibia as output and noted a higher spectrum in OA

subjects (Aimoto et al.) [153].
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Teague et al.[154] quantified and characterized joint sound changes during recovery

from musculoskeletal injury. The authors used three different microphones along with the

IMU. Unloaded flexion-extension and sit-to-stand movements were observed during the

experiments. An important conclusion was that the joint sound’s morphology and timing

were repeatable during several repetitions of the same activity. The primary acoustic

emissions were observed at consistent joint angles. In the successive study by Teague and

their coworkers using the same set of sensors, the authors compared each sensor’s signal

quality. They recommended the air microphones for the wearable joint sound sensing

system. The use of contact microphones was suggested to reduce interface noise, but the

piezoelectric film was not extensively analyzed in their work due to low signal output

and interface noise (Teague et al.) [155]. In their further development of wearable knee

health rehabilitation system, Teague et al. [156] used two miniature piezoelectric contact

microphones and two IMUs. The system was designed for patients to assess knee joint

health. In a recent study, Rajalakshmi et al. [157] detected the vibroarthographic signals

from the crepitus knees using Arduino and piezoelectric sensors. The correct position of

the sensor placement was suggested at the medial compartment of the knee and slightly

below the midline of the patella. However, the use of the AE technique opened a broader

scope of its application in wearable implementation. It can be used as a biomarker for

knee joint health assessment. It is recently reported that apart from the joint sounds, joint

loads can also be assessed using the AE method and can give better predictions rather

than a model-based approach (Scherpereele et al.) [158], (Whittingslow et al.) [159].
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2.7 Technical Gaps

After a detailed literature survey, the following research gaps are identified:

� Limited Capability of Existing Radiological Methods for Dynamic Knee

Joint Assessment: Existing radiological methods are not suitable for knee joints

during dynamic weight-bearing activities. It is challenging to accurately detect knee

osteoarthritis (OA) in such conditions to improve diagnosis accuracy.

� Limitations of X-ray in Assessing Cartilage Volume and Degradation: X-

ray imaging can provide longitudinal assessments of joint space reduction, but it can

not accurately measure cartilage volume or assess its degradation. This limitation

poses a significant gap in obtaining comprehensive information about the structural

changes associated with osteoarthritis (OA) progression.

� Inadequate Visualization of Patellofemoral Joint in X-ray Examinations:

The skyline or lateral view of the patellofemoral joint in X-ray examinations offers

inadequate visualization for assessing osteoarthritis (OA), creating a gap in accurate

diagnosis and treatment planning.

� Investigation into Joint Angle-Based Acoustic Emission for Classifying

Osteoarthritis Severity According to KL Grades: The joint angle-based

acoustic emission for classifying osteoarthritis severity based on Kellgren-Lawrence

(KL) grades has not yet been explored. This highlights the need for further research

to explore the feasibility and efficacy of this approach in accurately categorizing the

severity of osteoarthritis.
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� Inadequate Accessibility and Suitability of Radiological Tools for Take-

home Healthcare System: Existing radiological methods like X-ray does not

fall under early diagnostic tools. MRI as a diagnostic method for routine imaging

of human joints in clinical practice is limited by its high cost. It creates a gap in

cost-effective and accessible diagnostic options for subjects requiring routine joint

assessments.

2.8 Objectives of the Present Work

The primary objective of this research is to develop wearable systems for the detection of

knee osteoarthritis and classification of it using acoustic emission technology and validate

through radiographic images.

To accomplish the proposed significant objective, the following sub-objectives are

framed for the present research work:

� To develop a digital goniometer for the kinematic analysis of a knee joint.

� To develop a wearable device to capture the acoustic waves generated during the

knee motion to differentiate between healthy and pathological subjects.

� To collect the knee joint acoustic data from healthy and osteoarthritic subjects for

their quantitative evaluation and feature characterization.

� To collect the knee joint acoustic data from osteoarthritic subjects to identify a

biomarker for its classification and validation.
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In-house Development of an Inertial
Measurement Unit-Based Digital Go-
niometer

3.1 Introduction

This chapter presents the in-house development of an inertial measurement unit (IMU)-

based digital goniometer, focusing on various aspects from conventional methods of joint

monitoring to the final device fabrication and performance validation. Conventional

methods of joint monitoring are initially reviewed, highlighting the limitations that ne-

cessitate the development of novel solutions. The subsequent sections are reported with

a step-by-step process of developing the digital goniometer, including the integration of

IMUs, Arduino Nano microcontroller, data storage module, and LCD module. Details

regarding the final device fabrication and methods of calibration are discussed, followed

by a thorough examination of the statistical analysis techniques employed. The chapter

culminates in the presentation of results and a comprehensive discussion, evaluating the

performance and implications of the developed digital goniometer for joint monitoring

applications.
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3.2 Conventional Methods of Joint Monitoring

The word goniometer is derived from the Greek words “gonia” and “metron,” which

mean angle and measure, respectively. In physical therapy, the physicians assess the

joint range of motion using a Universal goniometer, as shown in Fig. 3.1. It is the most

conventional method for joint monitoring in the physical rehabilitation system. This

device is commercially available in two forms, short arms and long arms; out of that, one

is stationary, and another is movable (Rome et al.) [160]. The use of such goniometers in

physical therapy imposes some restrictions on the physician as both hands are involved

during the examination, leading to instability and error.

Figure 3.1: Universal Goniometer.

Other advancements for correcting such problems evolve different goniometers like

fluid goniometers, flexible electrogoniometers, and optical fiber goniometers. They have

different working principles and can be used for a range of motion analysis (Tesiol et

al.) [161]. Recent research trends towards inertial measurement systems as they have a

broad scope of integration with various health joint monitoring wearable systems.
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3.3 Development of Digital Goniometer

In this work, a compact wearable device in the form of a digital goniometer using IMU

(MPU-6050) is developed. This IMU has six degrees of freedom sensor system contain-

ing an accelerometer and a gyroscope. A magnetometer is avoided in this design as an

error estimation in biomedical applications is expected if the device is not calibrated cor-

rectly or placed near ferromagnetic materials, like prosthetic implants or tools (Kendell et

al.) [162]. The selected inertial sensors are integrated with Arduino Nano V3.1 as an AT-

mega 328 microcontrollers, SD card modules for data storage, data display units, and a

power supply by designing a primary circuit using a breadboard, jumper wires, resistors,

potentiometers, LED, SPDT switches, and DC jack. The developed circuit is then trans-

ferred into a through-hole type printed circuit board (PCB) and all related accessories are

mounted on it. After successfully placing the mountings, a device casing is printed using

3D printing technology and PLA polylactic acid (or polylactide) material. The separate

casing has been printed to integrate the IMU into the human subjects, and velcro tapes

are used to fix the sensors on the required positions on human lower limbs. The data is

sampled at 110 Hz from the IMU sensor.

3.3.1 Inertial Measurement Units

Inertial measurement unit (IMU) is widely used in biomedical applications like the clinical

assessment of patients, an ambulatory measurement for monitoring patient’s daily activ-

ities, and upper and lower limb joint kinematics analysis (Liu et al.) [163]. These IMU

can be distinguished according to the number of perceived state variables (DOF), among

which the 6-DOF IMU is the most common. The 9-DOF IMU will have an additional
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three-axis magnetometer. A 10-DOF IMU may also exist, and that will have a different

pressure sensor or temperature sensor as per the specific need. The major application

areas are robotics, virtual and augmented reality, platform stabilization, human-machine

interfacing, biomedical devices, etc. These IMU are also categorized based on their dif-

ferent measurement principles. These are mainly divided into two categories, i.e., MEMS

and fiber optic gyroscopes. The application area of fiber optic gyroscopes is aerospace and

military, while most civil applications are based on MEMS sensors (Passaro et al.) [164].

A Complete hardware solution can be obtained for various applications by using one

small MEMS device (Abbate et al.) [165]. For the current study, an MPU 6050 inertial

measurement unit is selected with a 3-axis accelerometer and 3-axis gyroscope as a total

of 6 degrees of freedom system as shown in Fig. 3.2 .

Figure 3.2: MPU 6050 Sensor Module.

A magnetometer is avoided here as it may create an error estimation in biomedical

applications if the device is not calibrated correctly or placed near ferromagnetic mate-

rials, like prosthetic implants or tools (Kendell et al.) [162]. MPU 6050 sensor supports

data fusion in biomedical posture calculation and can be easily integrated with Arduino

microcontroller (Mendes et al.) [166]. It has a user-friendly attribute for writing code

in Arduino IDE software for the MPU 6050 module and also supports the inverse kine-

matics analysis for biomechanical analysis in OpenSim software. This device is readily
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commercially available in small size and consumes low power during operation. There

are three major components of an IMU as follows:

(i) Accelerometer:- The accelerometer measures acceleration by measuring the

change in capacitance, and it is based on Newton’s second law. It has a mass

attached to a spring, which is confined to move along one direction and fixed with

outer planes. When the acceleration in a particular direction is applied, the mass

moves, and the capacitance between the plate and the mass changes. This change

in capacitance is measured, processed, and recorded for a corresponding linear ac-

celeration value (m/s2 or g). The triple-axis MEMS accelerometer in MPU-6050

includes a wide range of features like its triple-axis digital-output is the full-scale

programmable with the range of ±2g, ±4g, ±8g, and ±16g. It integrates with

16-bit Analog to digital converters (ADC’s) that enable simultaneous sampling of

accelerometers while requiring no external multiplexer. The normal operating cur-

rent is 500 µA. It also facilitates low power accelerometer mode current as 10 µA at

1.25 Hz, 20 µA at 5Hz, 60 µA at 20 Hz, 110 µA at 40 Hz (Shkel and Wang) [167].

(ii) Gyroscope :- It measures angular rate using the Coriolis effect. When a mass

moves in a particular direction with a specific velocity and an external angular rate

is applied, a force will occur perpendicularly. As a result, the vertical displacement

of the mass comes into the picture. So similar to the accelerometers, this displace-

ment will cause a change in capacitance which will be measured, processed, and

correspond to the particular angular rate (rad/s or deg/s). The triple-axis MEMS

Gyroscope in MPU 6050 includes a wide range of features like its triple-axis digital-

output is the user-programmable with a full-scale range of ±250, ±500, ±1000, and

±2000°/s. This also facilitates the image, video, and GPS synchronization and is
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integrated with 16-bit ADC’s (John and James) [168].

(iii) Magnetometer:- It measures the magnetic field of the earth using the Hall or

magnetoresistive effect. It works on similar principle like a conductive plate and

the current is set to flow in it. Then, the electron will start flowing from one side to

the other side of the plate. Now, if some magnetic field is exposed near the plate,

the electrons flow will be disturbed, and the electrons will be deflected at the one

side of the plate and the positive poles to the other side of the plate. As a result, if

a multimeter is attcahed at the edges of the plate, it will give some voltage which

depends on the magnetic field strength and its direction (micro-Tesla or Gauss).

3.3.2 Arduino Nano

In this work, an Arduino Nano microcontroller board is used. As the name indicates, it is

small, compact, and highly compatible with breadboard and other electronic components.

It is a readily commercially available board that weighs around 7 gm, 4.5 cm in length,

and 1.8 cm in width as shown in Fig. 3.3. Nano is almost similar to the Arduino UNO,

except it does not facilitate a DC power jack. It works with a Mini-B type USB cable

and is smaller in size than UNO. The USB port is used for both serial monitoring and

programming. It is available with two different versions of the microcontroller, i.e., Atmel

ATmega168 and ATmega 328. It consists of a total of 30 pins configuration, and each

has its specific functionality. Mini-B USB connection gives power to the board in the

range of 6-20 V unregulated external power supply at pin 30. The regulated 5 V power

can be supplied at pin 27.
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Figure 3.3: Arduino Nano.

3.3.3 Data Storage Module

The MicroSD Card Adapter is a module or SD card reader used to read and write data

through the file system FAT 32 (File Allocation Table 32) and SPI (Serial Peripheral

Interface) driver. It also supports Micro SDHC (Secure Digital High Capacity) high-

speed cards. It has an inbuilt level conversion circuit board that can interface with 5 V

or 3.3 V as shown in Fig. 3.4. It works on a 4.5 V -5.5 V power supply through a

3.3 V voltage regulator circuit board, and the current requirement is 0.2-200 mA. The

most important part of this module is the control interface. It has six pins like GND

(Ground), VCC, MISO (Master in slave out), MOSI (Master out slave in), SCK (Serial

clock), and CS (Chip select).

51TH-3463_176103116



Chapter 3

Figure 3.4: SD Card Module.

3.3.4 LCD Display Module

The LCD (Liquid Crystal Display) is an electronic display module commercially available

in various combinations like 8×1, 8×2, 10×2, 16×1, etc. The most common 16×2 LCD

is used in this work, in which a total of 16 pins are present on the module with two rows

of character display, and each character is displayed in a 5×7 pixel matrix. Among the

16 pins configuration, Ground and V cc care the source pins and connected to the ground

and supply voltage of the power source, respectively. As shown in Fig. 3.5, VE, RS, RW,

and E are the control pins used for specific purposes.

VE is the supply voltage pin and connects to the supply pin of the power source,

while RS toggles between command/ data register. RW stands for read/write pin and

interfaces between reading and writing the data. Pin E enables the read /write operation.

Pin no 7 to 14 are the 8-bit data pins that allow sending commands or data to the LCD.

Pin 15 and 16 are the LED pins to illuminate the LCD module and provide a ground

connection.
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Figure 3.5: LCD Module (16×2).

3.4 Final Device Fabrication

A primary circuit is developed with the integration of different modules, as discussed in

the previous sections. Using a breadboard, jumper wires, resistors, potentiometers, LED,

SPDT switches, and DC jack along with the Arduino nano and data storage module is

integrated into the circuit, and MPU 6050 sensors are connected as shown in Fig. 3.6.

The developed circuit is then successfully tested and calibrated by writing the pro-

grams in Arduino IDE software. The performance is tested through the mechanical

goniometer at the initial stage. This circuit development is modified to reduce the wiring

connections by printing them on a circuit board. A through-hole type PCB (printed

circuit board) is used for the fabrication, and all related accessories are mounted on one

board. A device casing is printed using 3D printing technology and PLA polylactic acid

(or polylactide) material. The separate casing is printed to integrate the IMU to the

human subjects, and velcro tapes are used to fix the sensors on the required positions on

human lower limbs. The final development of the digital goniometer is shown Fig. 3.7.
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Figure 3.6: Primary Circuit Development.

Figure 3.7: Fabricated Digital Goniometer.

3.5 Performance Validation of Digital Goniometer

This section refers to the complete pathway in this research work on the device testing,

calibration, positioning of IMU on the human subjects, its performance validation, and
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necessary protocols.

3.5.1 Study Design

In this study, ten healthy subjects including five males (30.80±3.96 years, 77.24±8.72 kg,

168.60±6.58 cm) and five females (28.00±1.58 years, 60.60±9.61 kg, 156.28±6.88 cm)

are recruited for their participation and confirmed with no lower extremity injury. ICMR

(Indian Council of Medical Research) guidelines are strictly followed for the research and

experimentation (Ananthakrishnan et al.) [169]. Here, the validation of the fabricated

device with 10 subjects can be justified from previous works of literature (Rezende et

al.) [170], (Bakhshi et al.) [111], (Ajdaroski et al.) [171], where 10 participants or lesser

were considered for the statistical analysis. Ethical consent is taken from all the subjects,

and inclusion and exclusion criteria is followed, and the same has been approved by the

Institute Human Ethical Committee (IHEC), IIT Guwahati. Subjects are instrumented

with an indigenously developed inertial measurement based digital goniometer and motion

capture markers located on their right lower extremity. The tests are carried out in two

different postures: sit-stand-sit (S-T-S) and open cycle flexion-extension (F-E). Here, F-E

is a non-weight-bearing exercise, whereas S-T-S is a weight-bearing exercise. In both the

postures, the reference is taken to be a sitting position while the femur and tibia are at

a right angle. The subjects are asked to do five S-T-S cycles in one trial for the data

collection. Similarly, the subjects are asked to do five F-E cycles in another trial. All

subjects have performed the following modes of exercises, initially sitting on the chair.

Each mode consists of the following four-phase motion:

1. In F-E mode:

� Extension-Acceleration (EA)
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� Extension-Deacceleration (ED)

� Flexion-Acceleration (FA)

� Flexion-Deacceleration (FD)

2. In S-T-S mode:

� Ascending-Acceleration (AA)

� Ascending-Deacceleration (AD)

� Descending-Acceleration (DA)

� Descending-Deacceleration (DD)

Two F-E and S-T-S joint motion cycles are considered individually for analyzing

the results, including repeating all four phases. Moreover, each joint motion cycle is

completed within a range of 4.5-6.5 seconds. As per the protocol to complete each

cycle within the time, the subjects are suggested to synchronize their motion with the

metronome. The data received from this dynamic action are stored in the goniometer

using micro SD cards attached to the device.

3.5.2 Position for Fixing the Device

For accurate estimation of knee kinematic parameters using a wearable device, sensor

placement plays an essential role. It is observed that appropriate sensor fixation reduces

the error caused by artifices of skin movement and improper alignment to anatomical

axes (Yang et al.) [172]. Previous studies reported the use of Velcro straps, double-side

adhesive tape, elastic straps, and neoprene straps for fixing motion sensors on the body of

subjects as they are convenient to use and flexible. A semi-rigid belt and exoskeleton are

also reported for better sensor fixation, but they are not suitable for long-term ambulatory

56TH-3463_176103116



Performance Validation of Digital Goniometer

use (Chinmilli et al.) [173], (Noort et al.) [174]. In the present work, the Velcro strap

is used for fixing the sensors on the sagittal anatomical axis of the knee joint of the

subjects. Along with the two IMU, three surgical tape pieces are placed on the right leg

of each subject as markers for the video motion analysis in the sagittal plane. The first

tape is placed at the thigh, the second is at the joint of the lateral femoral condyle and

the lateral tibial condyle, and the third is placed at the tibia axes, as shown in Fig. 3.8.

Similarly, the IMU position for femur assessment is assigned from the midpoint of the

greater trochanter to lateral femoral condyle and lateral tibial condyle to lateral malleolus

for tibia axes (Laudanski et al.) [175].

Figure 3.8: Test Procedure and IMU Positioning.
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3.5.3 Methods of Calibration

The primary automatic calibration method for the fabricated device on the human subject

with the metronome and video camera system is the subject-dependent on-body control

approach followed by a minimal-to-null physical and cognitive effort by the subjects

themselves. The steady-state of each subject is carefully observed in both the modes of

leg exercises before data sampling. The individual subject is asked to maintain the holding

posture for 15 seconds in each trial while wearing the fabricated device. Proper care has

been taken while positioning the IMU in the sagittal plane and placing the surgical tape

on the lower limb for video motion analysis. Static postures are repeatedly observed

before the data collection in all individual trials. However, the dynamic motion involves

inaccuracy in the data recording due to sensor movement, which has been identified during

the post-processing of the data. A reset button is provided to initialize the boot process

by the subject before starting each trial for repeating initial calibration. A moving average

filter algorithm is applied during the data processing to obtain the sensor output. This

algorithm can minimize the noise in the initial signal values without compromising large

amounts of data (Ghio et al.) [176]. It takes input samples at a time and the average data

is produced in a single output point by following the characterization equation below:

y[i] =
1

N

N−1∑
k=0

x[i+ k] (3.1)

Where x[i] is the input, N is the number of readings that will be averaged, and y[i] is

the output of the recorded signal.
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3.5.4 Video Motion Analysis

The results obtained from a fabricated device can be validated with an OMC system in

the gait lab but it is time-consuming and a specific protocol is needed for validation.

However, the validation can also be done with video motion analysis software. An open-

source software ‘Kinovea’ is used for video motion analysis. It allows linear and angular

kinematic calculations both in real-time and normalized time. The analysis can be per-

formed manually or using a semi-automated tracking function in Kinovea. The reliability

of this software for the study of a range of motion has been reported as high in both

intra-rater and inter-rater assessments (Elrahim et al.) [177].

3.5.5 Statistical Analysis

The data from all ten subjects are obtained from the digital goniometer and Kinovea.

A descriptive mean and standard deviation analysis are carried out. Then, the two-

sample t-test is performed to compare the sample mean values from the recorded data.

A linear regression analysis is performed to analyze the strength of a relation between

two variables, and a correlation coefficient (r) is estimated for all modes of evaluation by

the following mathematical relation:

r =
Σ(gi − ḡ)(ki − k̄)√
Σ(gi − ḡ)2Σ(ki − k̄)2

(3.2)

Where gi and ki are the variables corresponding to data obtained from the digital go-

niometer and Kinovea and their respective means are ḡ and k̄. Then Bland-Altman (BA)

plots are generated to understand the degree of agreement between two measurement

systems of the same variable and their concurrent validity. The inter-rater reliability is
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estimated to calculate intraclass correlation coefficient (ICC) values for 95% confidence

interval (CI) and interpreted them as moderate (0.50 to 0.69), high (0.70 to 0.89), and

excellent (0.90 and above) (Koo et al.) [178]. To indicate a good reliability, standard er-

ror of measurement (SEM), root mean squared error (RMSE), and intraclass correlation

coefficient (ICC) are calculated between the two measurement systems.

3.6 Results and Discussion

3.6.1 Validation of Joint Angle and Joint Angular Velocity

In this study, the IMU is placed in the sagittal plane during the experiments on the leg

of the human subject and the velocity of the yaw rotation of the IMU is considered for

angle identification from each sensor. Thus, for each IMU, the angle is calculated in the

Arduino code through the integration of angular velocity obtained from the gyroscope,

and the final angle and velocity are displayed on the screen of the fabricated device. The

primary purpose of finding an angle and angular velocity is to identify the four-phase

motion of a subject in each cycle. A similar trend of the data points is obtained from the

two measurement systems in the plots. The average knee joint angle from the data of all

subjects is observed approximately in the range of 0° to 90° in F-E and S-T-S modes as

shown in Fig. 3.9(a) and, Fig. 3.10(a), respectively, where the shaded region shows the

range of all healthy subjects with ±SD. The mean and standard deviation of the data

points are calculated for all ten subjects. The maximum standard deviation was found

to be approximately ±18.8° (at 9.6 s) and, ±21.3° (at 6.8 s) for both Goniometer and

Kinovea in F-E and S-T-S modes, respectively. Similarly, Fig. 3.9(b) and, Fig. 3.10(b)

illustrate the average rate of change of angle for all subjects in F-E and S-T-S mode and

60TH-3463_176103116



Results and Discussion

found to be approximately in the range of 0°/s to 100°/s for both cases with their maxi-

mum standard deviations of ±52.6°/s (at 6.5 s) and, ±40.01°/s (at 6.5 s), respectively.

Figure 3.9: F-E Mode Validation (a): Knee Joint Angle (b): Knee Joint Angular
Velocity.

Figure 3.10: S-T-S Mode Validation (a): Knee Joint Angle (b): Knee Joint Angular
Velocity.

3.6.2 Hypothesis Testing and Linear Regression Analysis

It is noted that only the validation through the superimposition of data points is not a

sufficient judgment for the accuracy of a fabricated device. For further investigation of

the performance of the digital goniometer, parametric hypothesis testing is always needed
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to be carried out. The device responses are studied by analyzing a descriptive mean

and standard deviation for the joint movement phases and measurement methods. To

compare the means of the sample data outputs from two different measurement systems,

a two-sample t-test is performed.

The p-value in the case of F-E and S-T-S modes is observed to be 0.99 and 0.77 for

knee joint angle, respectively and the corresponding values are 0.80 and 0.84 for the joint

angular velocity at a significance level (α=0.05). The results obtained from the t-test

indicate that the difference in the sample mean values from the two measurement systems

is not significantly different from 0°. As shown in Fig. 3.11 and 3.12, a high correlation

coefficient value is observed (r=0.99) for both F-E and S-T-S, in the case of joint angle

and joint angular velocity, where a robust finding of the data point distribution along the

regression line is found and validated from the previous study (Bakhshi et al.) [111]. The

statistical analyses have been performed in Origin-2021 and IBM SPSS Statistics 20.0

data analysis software.

Figure 3.11: Linear Regression Analysis (F-E Mode) (a): Knee Joint Angle (b): Knee
Joint Angular Velocity.
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Figure 3.12: Linear Regression Analysis (S-T-S Mode) (a): Knee Joint Angle (b): Knee
Joint Angular Velocity.

3.6.3 Comparision of Means (BA Plots) and Error Estimation

Detecting a constant error in the reliability validation is impossible only with finding

the correlation coefficient. Furthermore, a descriptive statistical analysis is performed to

describe the agreement between two measurement systems quantitatively. To perform

this analysis, it is essential to conduct a non-parametric hypothesis test initially. Thus,

data normality is checked by performing the Kolmogorov-Smirnov test (Giavarina and

Davide) [179] and the p-value is obtained to be greater than 0.2 for both angle and

velocity in each mode. Since the p-value is greater than the significant level =0.05, the

null hypothesis is accepted which denotes that the data points are normally distributed.

After confirming the data normality, the Bland-Altman (BA) analysis is performed under

2 σ limits of 95% CI to provide an agreement between two measurement methods. These

plots estimate the scattering of data points in a standard normal distribution for any

measurement system, where underestimation and overestimation of data point dispersion

are analyzed, and agreement is verified (Bland et al.) [180]. In BA plots, if one of the
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methods always gives high values, all points will lie either above or below the zero line.

If the data points are found to be scattered above and below the zero line on the Bland-

Altman plot, then it can be said that there is no consistency bias between one method

versus the other (Kalra et al.) [181], (Santos et al.) [182]. In Fig. 3.13(a), since the

mean line is observed to deviate from the zero line by 0.02° (approximately 0°), thus the

agreement can be said to be closed to an unbiased agreement in the case of F-E joint

angle validation. However, in the Fig. 3.13(b), 3.14(a), and 3.14(b), the magnitude of

the bias are found to be 0.88, 1.30, and 0.82 respectively. From the above analysis, the

maximum bias is found to be 1.3, which can be justified by earlier literature (Ajdaroski et

al.) [171], (Svensson et al.) [183] where the validation is done with a similar range of

observed bias.

The F-E mode for knee joint angle indicates scattering of data points above and below

the zero line, as shown in Fig. 3.13(a). It is also observed that there is no overestimation

of data points (N=0), whereas few data points are underestimated (N=6). In the case of

joint angular velocity, as shown in Fig. 3.13(b), there is no underestimation (N=0), while

only two data points (N=2) are found to be overestimated. In the two measurement

systems, the highest absolute differences are observed to be in the range of 0° to 30° for

the F-E joint angle and nearer to 0° in the case of F-E angular velocity.

Similarly, the data points are also scattered between the 2 σ limits of standard normal

distribution for the S-T-S mode. It is also significantly observed that no underestima-

tion and overestimation of data points are found in the case of joint angle as shown in

Fig. 3.14(a), and joint angular velocity as shown in Fig. 3.14(b) in S-T-S mode, respec-

tively. In this study, considering the “n” number of data points (for F-E Angle, n=106;

S-T-S angle, n=102; for F-E angular velocity n=109; and S-T-S angular velocity n=106)
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Figure 3.13: Mean Difference Analysis (F-E mode) (a): Knee Joint Angle (b): Knee
Joint Angular Velocity.

Figure 3.14: Mean Difference Analysis (S-T-S mode) (a): Knee Joint Angle (b): Knee
Joint Angular Velocity.

for two cycles in a particular mode of exercise, the mean difference values are calculated

with their corresponding upper and lower limits of agreements (LoA). The limits within

which the proportions of the differences between the two systems lie are estimated by

the limits of agreement for 95% CI on the BA plot. In all the modes of exercise, the

magnitude of the observed mean difference in joint angle and angular velocity between

the two systems is found closer to zero. It signifies that the mean value of the output

obtained from the two measurement systems is quite comparable. Further, the standard
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error of measurement (SEM) and root mean squared error (RMSE) analyses are included

as they indicate the correct clinical interpretations in test observations. The SEM is a

measure of the average amount of error expected in the measurements and RMSE is the

measure of the average magnitude of prediction errors.

Table 3.1: Statistical Analysis

Knee joint
assessment
parameter
(Unit)

Different
Postures

Mean of
Difference
(SD)

LoA(95%
CI)

RMSE SEM ICC
(95%
CI)

SDC(1.96*√
2*SEM)

Joint angle
(°)

F-E 0.02(0.69) -1.32 to 1.37 0.68 0.04 1 0.11

Joint angle
(°)

S-T-S -1.30(1.03) -3.33 to 0.72 1.66 0.09 0.99 0.25

joint angu-
lar velocity
(°/s)

F-E -0.88(1.63) -4.08 to 2.32 1.85 0.10 0.99 0.28

joint angu-
lar velocity
(°/s)

S-T-S -0.82(2.91) -6.52 to 4.88 3.01 0.13 0.99 0.36

From Table 3.1, the magnitude of SEM for all the cases is found to be low and this

lower value of SEM indicates the higher absolute reliability in the two measurement

systems (Huber et al.) [184]. The root mean squared error is calculated from the squared

root value of the average of the square of the differences between the two measuring

systems. It is a measurement residual or anticipated error that indicates the distance

from regression line data points or the scatter pattern of data points around the best-fit

regression line. The observed values are less than 2° in the case of joint angles and a

maximum of approximately 3°/s in the case of joint angular velocities. The inter-rater

reliability test is performed to calculate intraclass correlation coefficient (ICC) values for

95% CI. It showed an excellent reliability measure (>0.99) in all the measurement modes

for both the measuring systems. The results from the experimental observations from the
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current study are compared with the previously published literature, and it is assessed

that the obtained results are in line with them (Lim et al.) [185], (Nicolas et al.) [186].

Thereafter, the smallest detectable change (SDC) is calculated, and the magnitude of

SDC is found to be less than 1 for all cases that reflect the minimal detected change

in joint angle and angular velocity values during the performed exercise, as well as the

difference between the two measurement systems.

3.7 Limitations

While finding the kinematic parameters accurately, precaution should be taken such that

the position of the sensor must be in the sagittal plane. The camera position should also

be in the parallel plane as the sensor is placed for video motion analysis. While validating

the data from the digital goniometer with Kinovea for many subjects, the exercises should

be performed within the same cycle time for data averaging. Thus, to achieve the same

cycle time, the mode of exercises like F-E and S-T-S should be synchronized with the

metronome properly.

3.8 Novelty

The fabricated digital goniometer also displays and records the joint angular velocity

along with the joint angle, simultaneously w.r.t. real-time. Thus, this development is

helpful in joint kinematic analysis within a particular range of velocity in each phase after

post-traumatic treatments or total knee arthroplasty. It is also useful for the rehabilita-

tion exercise where controlled joint motion is required to monitor the joint rehabilitation

as well as to monitor the joint mobility function for strength interpretation.
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3.9 Summary

The current findings infer that the fabricated digital goniometer is a reliable and valid

device to measure the knee joint angle and angular velocity. It is a portable and wearable

system proposed for segmental joint kinematic analysis. The results from the statistical

analysis reveal the precise and accurate device output while monitoring of dynamic activ-

ities, which are successfully validated in different postures. The satisfactory validation of

knee joint angle and angular velocity observed in the present research is helpful for fur-

ther implementation of joint range of motion analysis and obtaining precise information

about the motion phases, respectively. Based on the current observations, it is concluded

that the fabricated device showed good reliability, which can be proposed to monitor the

rehabilitation progress of a human subject. Further, the inertial measurement units can

be an alternative to traditional goniometry for analyzing the knee joint kinematics.
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In-house Development of a Knee
Health Monitoring Device Using
Contact Microphone

4.1 Introduction

The aim of this work is to design, fabricate, and validate a small and compact wearable

system for knee joint sound detection, utilizing a contact microphone (CM-01B) and Ar-

duino Nano microcontroller. Vibroarthrography, a non-invasive diagnostic tool, has long

been utilized in knee joint health assessment, typically requiring costly data acquisition

systems for sensor data analysis. In this work, the initial stages involve circuit design

and signal amplification, followed by data filtering. Subsequently, electronic components

are assembled onto a self-designed printed circuit board to fabricate the device. Valida-

tion of the signal output is conducted using a digital oscilloscope, assessing the sensor

voltage at frequencies generated by an online tone generator. The instantaneous sig-

nal records a maximum sensor voltage of up to 3 V at a sinusoidal wave frequency of

200 Hz. The results are successfully validated through MATLAB (R2021a), and further,

the device is tested on healthy human subjects. Fast Fourier transform and short-time

Fourier transform analyses are also performed, with the output frequency observed to be

less than 100 Hz in healthy subjects. The short-term Fourier transformation is applied

to the obtained decibel value range. Spectral density analysis of a pathological knee re-
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veals continuous emission of joint sound, with signal power distribution observed across

the frequency range of 0 Hz -500 Hz. The complete procedure from signal acquisition to

feature extraction is depicted in Fig. 4.1.

Figure 4.1: Knee Joint Vibroarthrography Schematic.

4.2 Materials and Methods

4.2.1 Device Fabrication

In this work, the initial circuit is fabricated on the breadboard by using primary com-

ponents like jumper wires, resistors, a push-button DPDT (double-pole, double-throw)

switch, a light-emitting diode (LED), power supply, Arduino Nano, SD card module, and

a contact microphone (CM01-B). The selected microphone used for this study is consist

of a piezoelectric sensor that can sense the acoustic emission in the range of limiting fre-

quency from 8 Hz to 2.2 kHz. Arduino Nano is a microcontroller board, and as the name

indicates, it is small, compact, and highly compatible with breadboard and other elec-
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Figure 4.2: Schematic of Basic Components to a Final Wearable Device and Sensor
Placement.

tronic components. A primary circuit is successfully fabricated and the signal is amplified

for knee joint sound detection. The fabricated circuit is then converted into a printed

circuit board (PCB) and a final version of the wearable device has been fabricated using

3D printing of the casing and assembly of components which is shown in Fig. 4.2.

4.2.2 Device Performance Validation

As shown in Fig. 4.3, the fabricated wearable device is tested through a digital oscillo-

scope. For this goal, an online tone generator is used using a laptop and a speaker on

which the contact microphone is attached. The sensor surface is kept exactly stuck to

the diaphragm of the speaker and tested on different generated sinusoidal sound waves of
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Figure 4.3: Device Validation through Digital Oscilloscope.

different frequencies. The aim of this experiment is to validate the input frequency from

the tone generator with the output of the contact microphone and the results are verified

on the screen of a digital oscilloscope. Here the objective is to verify the performance

of the device through the arbitrarily generated sound waves at different frequencies. An

instantaneous click of the signal is recorded from the oscilloscope and simultaneously the

sensor output is stored in the SD card attached to the device.

Fig. 4.4 shows the output of the fabricated device at 200 Hz sinewave generated from

an online tone generator. The data sampling duration is 2.8 s and the instantaneous signal

is recorded on the oscilloscope simultaneously the generated voltage of approximately 3 V

is also recorded in the device. The first observation is seen on the oscilloscope as the

output frequency is obtained to be 199.8 Hz. Further, the recorded data in the device

is post-processed in MATLAB (R2021a) and it is observed in the fast Fourier transform

analysis the output frequency is 201.93 Hz at a decibel value of 74.95 dB. This observation

indicates the approximately same frequency output validation from two different methods

at the same time in the experiment.
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Figure 4.4: Sensor Output Validation at 200 Hz Sinusoidal Sound Wave.

4.2.3 Study on the Participants

A total of twenty-four healthy subjects including sixteen males (30.31±12.15 years,

66.73±10.10 kg, 170.19±8.26 cm) and, eight females (28.00±4.96 years, 62.21±9.78 kg,

154.68±5.95 cm) are recruited for their participation and confirmed with no lower ex-

tremity injury. Simultaneously, two pathological male subjects (50.00±18.34 years,

72.85±3.47 kg, 163.75±10.25 cm) are also recruited for identification of the OA sus-

picion and confirmed with a prior medical history of knee joint pain. Each participation

is confirmed with standard inclusion and exclusion criteria followed by their written eth-

ical consent. The study is approved by the Institute Human Ethical Committee (IHEC),

IIT Guwahati.
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4.2.4 Sensor Positioning

It is always critical to fix the sensor on the skin surface in a correct manner and to record

acoustic signals accurately. Previous studies reported the optimized placement location at

the medial condyle of the patella, i.e., slightly below the midline of the patella. This point

is identified as the closest one nearby to the contact area during joint articulation. It is a

stable position during joint movement and does not affect by actual joint motion (Song et

al.) [187], (Befrui et al.) [12]. Along with the contact microphone, a self-fabricated inertial

measurement unit (IMU) based digital goniometer is also placed on the mid of the thigh

and the shank bone on each subject in the sagittal plane.

4.2.5 Data Collection

During the data collection individual subject is trained to perform an active knee joint

weight-bearing sit-stand-sit (S-T-S) activity for recording the vibroarthrographic signals.

The subjects are asked to do three S-T-S cycles in one trial for the data collection and

synchronized with the metronome. Each cycle consists of the following four phases of

motion as shown in figure 4.5:

� Ascending-Acceleration (AA)

� Ascending-Deacceleration (AD)

� Descending-Acceleration (DA)

� Descending-Deacceleration (DD)

This device gives the output in terms of voltage which is produced due to the knee joint

auscultation during S-T-S activity and the real-time data is stored in the attached SD
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Figure 4.5: Sensor Positioning and Test Procedure.

card with the device. The knee kinematic parameters are obtained from the developed

digital goniometer. The primary function to attach the goniometer in this work is to

identify the variation of voltage w.r.t. the four different joint motion phase. Fig. 4.5

shows the results from a subject who performed a sit-stand-sit motion for five continuous

cycles for the duration of 28 s approximately. The position of the contact microphone

and the IMU sensors is also clearly shown in Fig. 4.2 and Fig 4.5. Here the three different

outputs are shown in one figure with the same time frame. Knee joint angle and its

angular velocity were also measured using a digital goniometer in the same time duration

for five cycles. The sensor output was measured in terms of millivolts and recorded at

its maximum value up to 8 mV. In Fig. 4.5, it can be seen that the velocity and angle

output is clearly distinguished by the output of sensor voltage and motion phases in five

cycles individually. The output velocity can distinguish the four motion phases in each

cycle. Comparing the variation of the output voltage with respect to the different motion

phases, it has been observed that the value of output voltage becomes higher while the

subject starts moving from the sitting position to the standing position from a chair.
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4.3 Results and Discussion

4.3.1 Sensor Output and Motion Phase Identification

Fig. 4.6(a),and 4.6(b) show the output of the contact microphone-based wearable device

and the digital goniometer from an active knee joint S-T-S activity of a healthy subject in

terms of voltage, knee joint angle, and angular velocity and are plotted in the same time

series to distinguish the voltage in different phases. Here the output voltage obtained is

found to be in the range of 0 mV to 6 mV, for the joint angular movement between 0° to

90° and the simultaneous joint angular velocity in the range of 0°/s to 80°/s. This same

time series distinguishes the voltage in different phases w.r.t. joint movement during

the exercise performed. From Fig. 4.6(c), it can be seen that during the activity, there

are differences among the vibroarthrographic signals in four phases, the output voltage

becomes higher while the subject proceeds towards the standing position from the sitting

position.

4.3.2 Fourier Transform Analysis

The obtained data from the microphone in terms of voltage vs time series is post-processed

by using MATLAB. Signal processing features are obtained and the frequency spectrum is

analyzed. During data processing the ‘N ’ point, time-domain signals are decomposed into

‘N ’ time-domain single point signals, and then corresponding ‘N ’ frequency spectrums

are calculated. This results in the contained frequency of the input signal on the fast

Fourier transform (FFT) plot. Further, the Short-term Fourier transform (STFT) is

obtained for all segments of the frequency spectra on a single plot. This STFT is a very

powerful way to represent all contained frequencies in the scale of time, frequency, and
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Figure 4.6: Joint Angle Based Vibroarthrography: (a) Joint Angle, (b) Joint Angular
Velocity, (c) Voltage Output.
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signal amplitude together. Also, it initially divides the spectrum into small segments and

then combinedly shows the frequency distributions throughout the recorded signal with

its amplitude distribution.

Figure 4.7: Frequency Analysis: (a) Healthy Knee, (b) Pathological Knee.

Figure 4.8: Frequency Spectogram: (a) Healthy Knee, (b) Pathological Knee.

Fig. 4.7(a) and, 4.7(b) show the FFT of the vibroarthrographic signals, collected when

a healthy and an unhealthy subject performed the weight-bearing S-T-S exercise while

STFT is shown in Fig. 4.8(a) and, 4.8(b) respectively. As shown in Fig. 4.7(a) and, 4.7(b),

there are peak-frequency components when a subject performs a movement in a standing
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Figure 4.9: Violin Plots for Different Subject Groups.

position from the sitting position which is also justified by the higher voltage value as

shown in Fig. 4.6 during the same phase. Fig. 4.7(a) and, 4.7(b) show the difference in

frequency peaks between the healthy and unhealthy subjects, respectively. It is observed

that in both the cases the obtained peak frequencies are different and less than 100 Hz

but there is a significant difference in the signal amplitude. These results are in line with

the published literature (Ye et al.) [188]. In Fig. 4.8(a) and, 4.8(b), the spectrogram of

STFT of the output voltage of a healthy and an unhealthy subject is shown respectively

to provide the time-localized frequency information in which frequency components of a

signal vary over time. It is also been observed that the peak amplitude obtained for a

healthy subject is 43 dB and for a pathological subject is 63 dB approximately which is

shown in the following graphs.

Fig. 4.9 shows the violin plots for the sixteen healthy (male), eight healthy (female),

and two pathologies (male) subjects. Here, the maximum amplitude (in dB level) data is

considered with a kernel density distribution with a box plot. kernel density distribution,
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a statistical technique is used to map the real-valued function to the weighted average

of the observed neighboring data. The plots show the median (a green dot on the violin

plot) with the interquartile range (a black bar at the center of the plot). In these plots,

the corresponding mean (a green star on the violin plot) of the amplitudes is also shown

with its magnitude for each group. From the violin plots, the maximum amplitude of

acoustic emission obtained from the fabricated device is obtained to be in the range of

40-45 dB and 60-65 dB for the healthy subjects and pathology subjects, respectively.

4.3.3 Spectral Density Analysis

Figure 4.10: Power Spectral Density: (a) Healthy Knee, (b) Pathological Knee.

Power spectral density (PSD) is used to quantify the spectral power over the interested

frequency band. It also gives the signal power variations over the time scale of the order

of 1/Hz. Fig. 4.10(a) and, 4.10(b) represents the waterfall plot or a time-frequency

observation in the form of the spectrogram. Here the signal duration in s and contained

frequencies in Hz are represented in the XY plane while Z-axis represents power spectral

density (PSD) obtained from a pathological knee during the experiments in the (dB/Hz)

scale for each time-frequency frame. In Fig. 4.10(a), it is observed that the spectral

80TH-3463_176103116



Chapter 4

signal power distribution for a healthy knee the gain in frequency is obtained at three

certain locations in the time duration and it is because of the particular joint articulation.

However, the pathological knee exhibits continuous frequencies as shown in Fig. 4.10(b)

over the different frequencies from 0 Hz to 500 Hz. It represents the continuous generation

of the vibration signals during the joint articulation throughout the signal acquisition

period (0 s-2.5 s) and indicates the unhealthy knee joint condition.

4.4 Summary

In summary, a contact microphone-based wearable device has been successfully fabricated

using an Arduino Nano microcontroller and other necessary electronic components in this

work. The primary circuit is tested and calibrated and further converted into a printed

circuit board. The device is successfully tested on healthy and pathological subjects by

analyzing their knee joint sounds by employing vibroarthrography. Raw joint signals

are stored in the device. After analog to digital conversion and postprocessing of the

data in MATLAB R2021a version software, essential signal features are obtained. Sensor

output up to 6 mV along with the joint articulation in the range of 0°-90° is obtained in

all subjects during experiments. The signal time-frequency analysis reveals a significant

difference between a healthy and pathological knee and indicates that the pathological

knee emits a continuous vibration signal during data sampling. It can be concluded that

healthy subjects emit the lower decibel level of amplitude (40-45 dB) compared to that

of pathological subjects (60-65 dB).
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Quantitative and Parametric Study
of Knee Joint Health Assessment Us-
ing Commercial Acoustic Sensors in
Osteoarthritis

5.1 Introduction

This chapter presents a novel diagnosis approach to sensor-based acoustic emission for

the assessment of the dynamic integrity of the human knee joint, along with its effi-

cacy on healthy and osteoarthritic subjects. A total of 121 humans with increasing ages

from different healthy to OA knee conditions participated in this study. Various signal

parameters like acoustic hit, decibel, signal rise time, signal duration, absolute energy,

and signal strength are determined along with the joint angles in sit-stand-sit activity.

Descriptive statistical analysis is established using four phases of S-T-S movements. Bi-

lateral symmetry of acoustic hits in both legs is obtained among the healthy subjects.

Direct signal parameters, acoustic hits, and decibels are found to be increased with signif-

icant differences among the healthy and OA subject groups. Further, for detailed group

characterization, time and energy signal parameters are statistically analyzed and ob-

served with a very high percentage increment in the OA group compared with healthy

subjects. Cumulative probability index analysis establishes a linear and non-linear trend

among the groups, and OA subjects are identified with the most deviated feature patterns
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in AE detection. From the study outcomes, a strong basis is formed for the development

of sensor-based wearable systems in the early diagnosis of OA.

5.2 Methods

5.2.1 Data Acquisition System, Sensor Calibration and Place-

ment

The acoustic monitoring system used in this work is AEwinTM USB AE Node type

setup manufactured by the ‘Physical Acoustics Corporation USA’. It is a commercial

sensor system that provides piezoelectric nanosensors and a data acquisition unit with

wideband operational frequency ranges (125 kHz -700 kHz ) of acoustic emission at a higher

data sampling rate. It incorporates an analog-to-digital conversion (ADC) type signal

processing unit that operates at 18 bits with 20 million samples per second (MSPS).

The resonance frequency of the sensor is 300 kHz, and its peak sensitivity is 62 dB.

After installation of the sensor system and before data collection, it is mandatory to

calibrate the sensors. As shown in Fig. 5.1, two nanosensors (25.5 mm in diameter and

15.2 mm in thickness) are attached using hypoallergenic medical adhesive tape on the

medial side of each leg. The anatomical landmark is fixed anterior to the medial patella

retinaculum and inferior to the patella for the AE data collection (Shark et al.) [150].

The piezoelectric sensors are tested using the standard ‘Hsu-Nielsen’ pencil lead-breaking

method before data acquisition. It is a standard approach for simulating the source of AE

signals in which 0.5 mm mechanical pencil lead is broken at a 7.5 cm distance between

the source and sensor, and calibration is performed at 100 dB amplitude as a standard

output (Karvelis et al.) [189]. There is a limitation to conduct this procedure on human
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skin because subjects may feel pain during lead breaking on the skin, so the test is

performed on a flat surface where sensors are attached using medical tape. AE system

records the burst energy of the source due to acoustic emission and captures it in the

form of a hit. During the test run, several hits are recorded and each hit has a unique

waveform. This waveform is in the form of signal voltage (mV ) w.r.t time (µs), and the

peak of the voltage represents the intensity of AE in the test.

Figure 5.1: AEwinTM Data Acquisition System with Subject Trial.
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Figure 5.2: Standard Parameters of an AE Waveform.

5.2.2 Study Design and Participants

In the current study, AE signal features are analyzed for different subject groups. A

typical standard waveform of a single hit is represented in Fig. 5.2, in which prime signal

features are mentioned. Here, six major signal features like the number of Hits, Signal

Amplitude (dB), Duration (ms), Rise Time (ms), Signal Strength (nV-s), and Absolute

Energy (fJ ) are studied and further evaluated in quantitative statistical analysis for

individual subject groups. To highlight the disparities in AE features between knee joints

in excellent condition, where frictions are minimal, and osteoarthritic knee joints, four

participant groups having different age groups participated in this study. A total of one

hundred twenty-one subjects are recruited with healthy knee and OA knee symptoms.

Each participant has given written ethical consent and followed the standard inclusion-

exclusion criteria. Data is collected from the young candidates at the Gait and motion

analysis laboratory, IIT Guwahati, for the H1 (mean age: 28.77, SD: 4.78 years) and H2
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(mean age: 48.88, SD: 4.89 years) groups while H3 (mean age: 67.83, SD: 6.92 years) and

OA (mean age: 49.45, SD: 7.99 years) candidates are recruited at Mariapatty, a physical

health center in Assam which is located in the remote area of Kamrup district in North

Guwahati. The study is approved by the Institute Human Ethical Committee (IHEC),

IIT Guwahati.

5.2.3 Clinical and AE Data Collection

During the initial assessment, anthropometric and clinical information is collected, such

as age, sex, BMI, pain, function, and stiffness scores using WOMAC. Before the final data

collection, each subject underwent substantial training in the usage of the equipment and

data collection methodologies in order to ensure consistent protocol use. Starting in a

seated posture with their backs on the chair and their knees bent at 90 degrees, the par-

ticipants conducted sit-stand-sit (S-T-S) activities. In one S-T-S movement, four different

joint motion phases are obtained. These are ascending acceleration (AA), ascending de-

celeration (AD), descending acceleration (DA), and descending deceleration (DD). The

AE and joint angles are captured simultaneously from both knees. Three sets of three

S-T-S motions are recorded in each test. Every subject is advised to move as naturally as

possible at their convenience. The detailed description of the participants (abbreviated

as S 1 to S 121) anthropometric data and direct signal outputs are summarized in the

Tables of the Appendix A.1 contents.
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5.3 Results and Discussion

5.3.1 Acoustic Hit Distribution and Joint Motion Phase Iden-

tification

In this work, the primary output of the acoustic sensor is an acoustic hit. Figure 5.3

shows the acoustic hit distribution in different subject groups where the coordinate of

each point represents the number of hits in individual legs. The distribution of hits is

represented on the Y-axis for the left leg in all subjects, while the right leg for individual

groups is represented on the X-axis. The spread of hits in Fig. 5.3(a) shows an increasing

trend with the group order, and the closed cluster dispersion of hits shows the bilateral

symmetry of the acoustic emission from the subject legs, which means that the subjects

emit a nearly equal number of hits during S-T-S activity. The data distribution from

Fig. 5.3(a) is further analyzed to find the mean and range of hits in each group, as

shown in Fig. 5.3(b), where the acoustic data from summarized statistics are graphically

represented in the box plot.

Figure 5.3: (a) AE Hit Distribution in All Subjects (Leg-Vise); (b) Range of Hits for
Different Groups.
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During three S-T-S cycles in each trial for individual groups H1, H2, H3, and OA,

the obtained mean and standard deviation values of AE hits are 36±7, 72±13, 115±25

and 211±32 respectively. A significant increment in acoustic hits is observed among the

different subject groups. The highest number of acoustic hits are obtained in the OA

subject group. A study published by Shark et al. [150], on the early adulthood healthy

group, late adulthood healthy group, and late adulthood OA group participants in which

authors used a similar sensor system AEwinTM to the current work with different PCI

connection and S9204 model acoustic sensor. The study has identical observations to the

present work, and the authors reported in their findings that the early adulthood healthy

group emitted a comparatively lower number of hits than the late adulthood healthy

group, while the OA group participants emitted maximum acoustic hits. In another

study by Mascaro et al. [190], the authors reported that osteoarthritic knees produce

6–10 times more acoustic emissions than healthy knees. Similar observations are found

in the current work.

During the activity and along with the AE data collection, an indigenously developed

digital goniometer (DG IITG V0) as discussed in the Chapter 3, is also placed on the leg

to record the knee joint angle and its angular velocity to identify the joint angle at which

the acoustic hits are generated. The purpose of this experiment is to record a joint angle-

based acoustic emission for motion phase identification using joint angular velocity. In

Fig. 5.4, the overlapping of acoustic hits on varying angles with simultaneously varying

angular velocity is plotted in the same time interval for a subject. A similar kind of

combined knee joint angular velocity, joint angle, and acoustic hits are analyzed for every

subject. Here, the velocity diagram shows the four phases in a cycle. Since the variation

of velocity and angle are plotted in the same time interval, thus, it can distinguish each
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Figure 5.4: Joint Angle and Angular Velocity-Based Acoustic Emission.

phase in the joint angle while comparing with the joint angular velocity diagram. After

identifying each phase in the joint angle, the number of hits for every phase can be

obtained from the overlapped graph of hits and angle. Similar observations are obtained

for all subjects from each group.

Figure 5.5 shows the bilateral plots of descriptive analysis for the distribution of the

number of acoustic hits in each phase of the S-T-S activity and in each group during

the data collection. There are four bilateral plots for each subject and from each group

showing the joint movement phases together. A symmetrical pair of knees is identified by

the point nearer to the bilateral line, representing similar acoustic hits obtained from the
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Figure 5.5: Phase-Wise AE Hit Distribution in All Subject Groups.

left and right knee in an individual phase. The group vise AE hits distribution is further

analyzed. It is observed that the H1 subject group emits a symmetrical, repeated, and

lower number of hits in all movement phases. With the increasing age of the subjects

from the H2 and H3 groups, the acoustic hits also increase in numbers, but the hit

distribution pattern deviates slightly from the symmetry. A different observation is made

in OA subject groups as the knee condition turns towards OA, the highest acoustic hits

are observed with dispersed deviation from bilateral symmetry in all movement phases.

Among all joint movement phases, it is observed that the AA phase shows a maximum

number of hits for all groups and each subject. In the study published by Mascaro et

al. [190], the authors used (S9204, 50–200 kHz, Physical Acoustics Ltd. Cambridge, UK)
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with two pre-amplifiers and reported that healthy knees produce less than 25 AE hits

per movement and OA knees can produce 150–250 AE hits per movement. At the same

time, this number is higher in the AA phase of S-T-S activity. The present study results

are found to be in line with the previously published research [190].

5.3.2 Group Index Plots for AE Features

Since the current research is focused on a group of human subjects and in the case of any

individual subject trial, the sensor receives a large number of acoustic hits according to the

joint health condition. Hence, different signal parameters are analyzed to differentiate

among the groups based on leg-wise AE signal features for detailed characterization.

Here, a total of six AE signal features, Number of Hits, Signal Amplitude (dB), Rise

Time (ms), Signal Duration (ms), Absolute Energy (fJ ), and Signal Strength (nV-s) are

analyzed as shown in 5.6. It is feasible to visualize the clusters of information through

their quartiles using the box plots so for the statistical representation of these features,

diamond group index charts are plotted to differentiate between the left and right leg

among the four subject groups. It is observed from Fig. 5.6(a) and, Fig. 5.6(b) that the

acoustic hits and decibels values are gradually increasing with the increasing age groups

from healthy to OA in both the legs and showing almost a symmetrical output. The

highest hits and decibels are obtained in OA subject groups. Further, Fig. 5.6(c) and,

Fig. 5.6(d) show the variation in signal Rise Time (ms) and Signal Duration (ms). It is

observed that minimal duration signals are obtained in groups H1, H2, and H3 and with

their corresponding shorter rise time. It shows that healthy knees emit lesser acoustic

emissions for very small durations. However, the trend is found to be increasing among

healthy subject groups. It is previously published by Mascaro et al. [190] that OA knees
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can produce ten times longer duration signals compared to healthy knees. In the case

of OA subjects, longer duration signals with higher rise time values are obtained, which

means that the OA knees emit higher acoustic emission due to poor joint condition and

higher joint surface friction. The essence of time-dependent parameters is simultaneously

reflected by energy parameters as shown in Fig. 5.6(e) and, Fig. 5.6(f), where signal

absolute energy and signal strength are found to be almost negligible among healthy

groups, while in the case of OA subject groups, this is drastically increased.

This indicates that the most degraded knee joint condyle surfaces produce high fric-

tional energy. These time and energy-dependent observations are evident and validated

from the previously published research by Sakib et al. [191], in which the authors iden-

tified a natural pattern of signal features among the subjects with OA and without OA

where signal strength and absolute energy identified as a potential biomarker for knee

OA detection using AE. This multidimensional feature-based quantitative assessment is

useful for the subject group and signal feature characterization regarding their mean and

standard deviations. The more descriptive observations of feature percentage increments

from healthy to OA subject groups is shown in Fig. 5.7, where the energy-dependent

parameters are found with significant increments in OA subjects.

In this study, the WOMAC questionnaire is also used to assess the pain, stiffness, and

physical function before collecting the AE data from each participant. The WOMAC

score is calculated, and it is observed that with the increasing age in the groups, the

obtained score is also increasing. The mean score in H1 (6.75±10.83), H2 (22.58±11.87),

H3 (35.40±12.74), and in OA is (38.06±13.01) observed. The WOMAC scores of all

individual subjects are reported in the Appendix A.1. It is noted that the increasing

WOMAC score is age-associated and highest in severe knee health in OA subjects.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.6: Diamond Box Plots for AE Signal Features: (a) AE Hits, (b) Ampli-
tude (dB), (c) Rise Time (ms), (d) Duration (ms), (e) Absolute Energy (fJ ), (f) Signal
Strength (nV-s).

5.3.3 Cumulative Probability Index plots for AE features

The cumulative density function (CDF) plots are generated for AE features using the ex-

ponential probability density function. These plots represent proportions and percentiles93TH-3463_176103116
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Figure 5.7: Percentage Increment in Signal Features (Cumulative Both-Leg) from
Healthy to OA Subject Group.

for data ranges and are helpful to identify the most occurred values by comparing the

sample distribution of all subjects in their subgroups. It also determines the lower and

upper bounds of AE features in their respective ranges. As shown in Fig. 5.8(a) and,

Fig. 5.8(b), H1 and H2 groups show almost similar and linearly increasing trends for hits

and decibel features, which defines the well-fitted distribution of the data. These subject

groups emit uniform hits and decibels during S-T-S activity. In the case of the number

of hits, H3 is almost linear, but OA subject groups are found with a deviation of the

probability of occurrence at the tail section, which shows lower proportions in the sample

distribution in a few subjects. For the case of signal amplitude, the H3 subject group

shows a slight deviation in the head and tail section, which means a few subjects show
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(a) (b)

(c) (d)

(e) (f)

Figure 5.8: Gaussian Probability Plots for:(a) AE Hits, (b) Amplitude (dB), (c) Rise
Time (ms), (d) Duration (ms), (e) Absolute Energy (fJ ), (f) Signal Strength (nV-s).
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decibel deviation among the others in the same H3 group, but in the case of OA, the

trend is highly deviated. Results are non-uniformly distributed, which means OA sub-

jects emit the highest and random decibels during S-T-S activity. In the case of mean rise

time and signal duration, H1, H2, and H3 subject groups show a good linearly increasing

trend, which indicates uniform data distribution over the group sample and shows stable

and small duration signals in all healthy subjects. OA subject groups are scattered in

CDF for the same time-dependent features and follow the non-linear trend, as shown in

Fig. 5.8(c) and, Fig. 5.8(d).

Shark et al. [150] reported a significant increment in signal features from healthy to

OA subjects. During the AE biomarker identification in their study, the authors reported

a very high increment in absolute energy from healthy (21.76 aJ ) to OA (8.7x104 aJ ).

Moreover, Sakib et al. [191] also reported a significant increment in absolute energy and

signal strength from healthy to OA in their findings. The results from the present work in

CDF are shown in Fig. 5.8(e) and, Fig. 5.8(f), where absolute energy and signal strength

increase with the highest difference between healthy and OA subjects. Simultaneously,

the OA subjects showed a nonlinear variation in these energy parameters, indicating the

random burst of energy in different OA subjects with poor knee health. The current

research observations are aligned with previously published research [150, 191].

5.4 Summary

The present study shows an overall AE signal feature distribution trend in healthy and

osteoarthritic subject groups. Initially, the scattering of waveform hits in both legs in

all subject groups is identified to observe the distribution of signal bursts during S-T-

S activity. H1 and H2 Healthy subjects emit an almost similar number of hits from
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both legs, while the increasing age in H3 and the subjects from the OA group show

bilateral asymmetry. Another critical observation is made by superimposing the angular

data on acoustic hits having different data sampling rates to study the joint motion

phases based on AE analysis. Here, the hits are evenly distributed with joint angles

throughout the cycle. The AA phase of weight-bearing S-T-S activity is the most critical

and dominating joint motion phase in which the AE sensors recorded the highest hits.

Another observation from the bilateral plots for phase-wise hit distribution is that the

symmetry of hit distribution is consistent in all healthy groups except OA knee, where

the hits are asymmetrically distributed.

Furthermore, different inherent signal parameters corresponding to each signal wave-

form are obtained, and based on these parameters, the distinction between all healthy

age groups and osteoarthritic subject groups is assessed. The average decibel values are

observed to be distributed from the 35 dB threshold to 65 dB signal amplitude, increasing

from H1 to OA subject groups. However, the H2 and H3 subject groups are closer in

range distribution from 40 dB to 55 dB. It is clearly distinguished that the higher decibel

values of signal amplitude are achieved in OA subject groups. A substantial increment

in the mean signal parameter values is achieved in all features with increasing age groups

and OA people. A sudden increment in absolute energy and signal strength is observed in

the OA subject group compared to healthy people. This tremendous absolute energy and

signal strength change is the prime evidence of degraded joint health and is considered

a suitable biomarker for OA detection. Results from the cumulative probability index

plots show the linearity in healthy groups in quantitative assessment and differentiated

groups in AE assessment. While the features from OA subjects show an asymmetric

pattern, which is evident for OA knee. Furthermore, all obtained signal features differ-
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entiate among all the subject groups in this study and can be accepted as adaptive AE

biomarkers for OA detection.
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Classification of Knee Osteoarthritis
Using Commercial Acoustic Sensors
and its Validation Through X-Ray
Imaging

6.1 Introduction

The objective of this research is to assess the feasibility and effectiveness of a non-invasive

and non-radiographic tool for the quantitative evaluation of the different stages of knee

osteoarthritis using an acoustic emission system and validate from respective radiographic

(X-ray) findings in human subjects from the North-Eastern region of India. This novel ap-

proach is implicated by capturing the sound waves generated from the knee using acoustic

emission signal features as biomarkers for the diagnosis of different stages of OA. A total

of sixty-three OA knee participants with radiographic evidence are examined through

the acoustic sensors placed at their medial tibiofemoral knee locations. Joint angle-based

signal features are detected for biomarker identification under the sit-stand-sit (S-T-S)

data collection protocol. Joint space narrowing (JSN) of the knee for individual subjects

is calculated through image processing, and AE findings are validated from Kellgren-

Lawrence (KL) grades from KL-1 to KL-4 with JSN. The average knee joint sound level

is obtained as 60 dB in KL-1 subject groups, 64 dB in KL-2, 71 dB in KL-3, and the

highest 76 dB in KL-4 subject groups. Very high absolute energy and longer duration
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signals are obtained in the KL-4 subject’s knees compared to other OA grades. The

Principal Component Analysis (PCA) analysis identified the signal Amplitude (dB) as a

primary biomarker for OA detection. The study findings lead to the acoustic emission is

a promising diagnostic tool in OA detection and provides a non-invasive management of

knee OA.

6.2 Materials and Methods

6.2.1 Experimental Set-up

In this work, the sound generated due to the frictional contact from the sliding between

the femoral condyle and tibial condyle, followed by the gliding of the knee joint, is recorded

during the weight-bearing activity by using the same commercial sensor system used in

the previous work as mentioned in the Chapter 5. To achieve an adequate acoustic

coupling between the knee skin surface and sensor, a thin layer of ‘Aquasonic gel’ is

applied on the knee joint skin, and the sensors are placed on the knee above the medial

tibial condyle (Khokhlova et al.) [192]. The machine thresholds used for data acquisition

are considered as 35 dB, a frequency range of 10 kHz to 700 kHz, and a 20 MHz sampling

frequency, which is achieved with respect to 1 µV reference voltage level (Schluter et

al.) [193].

6.2.2 Study Design and Participants

A total of sixty-three confirmed OA subjects from North-East India with X-ray KL scores

of 1 or higher are recruited after obtaining their written ethical consent. KL score is an

established radiographic system for OA knee grading consisting of four features: bone-
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end deformation, subchondral sclerosis, osteophyte formation on the joint edges or tibial

spines, and joint space narrowing (JSN) (Steenkamp et al.) [194]. JSN on radiography

is typically attributed to cartilage loss, and a decreased joint space is linked to more

meniscal tears and persistent knee discomfort (Chan et al.) [195]. Anterior-posterior

(AP) view of knee joint X-rays is analyzed, and the JSN is estimated individually for

each OA subject using an image processing method. The AE features are validated with

radiographic findings, and AE biomarkers are identified in a quantitative assessment

manner for the early diagnosis of OA. The anthropometric information is recorded for

all subjects (abbreviated as S 1 to S 63) individually before the data collection, which is

summarized in the Tables of the Appendix A.2 contents.

AE measurements of the participants are done at the gait and motion analysis labora-

tory, IIT Guwahati, and three independent hospitals of Guwahati Neurological Research

Centre (GNRC) Guwahati at GNRC-Dispur, GNRC-Sixmile, and GNRC-North Guwa-

hati while conducting knee health check-up camps. Data collection is done after getting

IHEC approval from IIT Guwahati and GNRC. The AE data acquisition system consists

of two high-frequency piezoelectric broadband sensors. An AEwinTM data processing

software is used for knee joint sound recording and display. These sensors are placed on

the medial side of the tibiofemoral joint. Joint angles during the S-T-S posture (0◦-90◦)

are simultaneously measured using IMU based indigenously developed digital goniome-

ter (DG IITG V0). Joint space narrowing (JSN) is measured from the radiographic evi-

dence of individual subjects, which are post-processed through image processing software

‘ImageJ’.
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6.2.3 Inclusion-Exclusion Criteria

Each subject is carefully examined before data collection and followed by the inclusion

and exclusion criteria as per the guidelines of the Institute Human Ethical Committee

(IHEC) IIT Guwahati and GNRC Guwahati.

The subject’s inclusion criteria are as follows:

� The age group varies from 30 to 80, including males and females.

� The subjects must have radiological evidence of OA knee.

� Must be able to read and understand English, Hindi, Assamese, or any other Indian

language and demonstrate the ability and willingness to follow the protocol and

complete the questionnaires and diaries.

� Manual dexterity is sufficient to perform all tasks required by the participants.

� Willingness to wear the knee joint acoustic wave capturing system for the exami-

nation during sit-stand-sit motions.

� Able to travel as the data collection takes place at different places by conducting

camps, where participants attended the data collection sessions.

The subject’s exclusion criteria are as follows:

� Current musculoskeletal injury and infection.

� People with secondary osteoarthritis or any previous knee surgery.

� Unable to follow instructions or cognitive deficits.
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� Subjects with cardiovascular risk or under any treatment of major health issues.

� Subjects having any kind of implants.

� Unable to perform tasks due to current medical conditions like contagious diseases,

balance and coordination disorders, any active infection, unhealed wounds or ulcers,

and sensory deficit of lower limbs.

� Subject unable to perform sit-stand-sit motions due to any reason.

6.2.4 Clinical and AE Data Collection

All the subjects underwent clinical assessment, including past and present medical his-

tory, age, sex, Body mass index (BMI), and Western Ontario and McMaster Universities

Osteoarthritis Index (WOMAC) score for pain, function, and stiffness. The collected

X-ray images are analyzed through image processing software ‘ImageJ’, and JSN is mea-

sured for individual subjects. Fig. 6.1 differentiates the OA grades from the radiograph

of the individual subjects, who participated in this study. These grades are based on the

primary findings like the presence of JSN, osteophytes, and sclerosis in the X-ray. The

purpose of JSN identification is to find the KL grades for different OA groups and further

validate them with AE signal features.

During the AE data collection protocol, the subject is asked to sit on a chair with

knees bent at 90◦ and arms crossed across the chest. In one trial, the subject is asked

to perform three S-T-S cycles synchronized with a metronome in approximately 25-30 s.

A total number of three trials are recorded for each subject. Simultaneously, knee joint

kinematic parameters are recorded using an indigenously developed inertial measurement

unit (IMU) sensor-based digital goniometer to assess joint angle-based AE (Mascaro et
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Figure 6.1: Osteoarthritic Changes Observed in X-ray (AP View) for Confirmation of
KL Grades.

al.) [190]. All subjects are asked to perform the S-T-S exercise according to their comfort.

6.2.5 Semi-Quantitative Measurement of Knee OA from X-ray

Figure 6.2: (a) AP and Lateral View of OA Knee (S5, KL-3); (b) Enlarged AP View
Showing Three Vertical Measurements of JSN in Both Medial and Lateral Condyle.

Initially, the X-ray images of all the individuals are collected. The radiographic scale

is calibrated with the ‘ImageJ’ software to find the JSN. It is achieved by fixing the

calibrated scale as a global reference on the radiograph, and with reference to it, the

three vertical measurements are taken at the mid-intercondylar space of the more affected
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zone (medial or lateral) of the OA knee as shown in Fig. 6.2. The line is drawn in

the translucent area, which is between the transopaque area of both femoral and tibial

condyles. The length of the drawn line is then individually determined using the ‘ImageJ’

measuring tool. Finally, JSN is calculated as a mean of the three sets of measurements,

which is further helpful for differentiating among the KL grades (Steenkamp et al.) [194].

6.3 Results

6.3.1 Evaluation of Number of Hits and Sound Decibel

Figure 6.3(a) shows a relation between the KL grade obtained from radiographic images

through clinical assessments and the acoustic hits during three S-T-S activities in all

subjects. The observations are described through the violin plots, showing a statistical

evaluation of the obtained data in interquartile ranges with means and median interpreta-

tions. These plots are helpful in visualizing the data density and entire data distribution

with their symmetry and skewness. It is observed that the number of acoustic hits in-

creased with the severity of the condition of knee OA i.e. KL-1 (81±12), KL-2 (105±9),

and KL-3 (137±12), and the highest acoustic hits, 167±11, are obtained in KL grade 4.

Figure 6.3(b) is the statistical representation of the average decibel values obtained

in different OA groups during the joint articulation. It is observed that the least mean

decibel of 60±2 dB is obtained in KL grade-1 subject groups, which is found to be

increased with the progression of KL grades 64±2 in KL-2, 71±2 in KL-3 and the highest

mean decibel value, i.e., 76±1 dB, is obtained in KL grade 4 subject group. It is identified

from Fig. 6.3(a) and, Fig. 6.3(b) that the obtained feature ranges in the violin plots are

overlapped. A very few subjects are found with similar feature ranges for different KL
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Figure 6.3: (a) Acoustic Hit Distribution Among OA Groups; (b) Obtained Decibel
Levels in Different OA Groups.

groups, but they are clearly differentiated from the X-ray findings. So, the mean value

interpretations are considered to distinguish among the different OA subject groups to

obtain signal features.

Since the acoustic hits are studied with (0◦-90◦) S-T-S motion in all subjects, the

analysis is further carried out for different joint motion phases. A subject performs

four different phases during each S-T-S activity, namely ascending acceleration (AA),

ascending deceleration (AD), descending acceleration (DA), and descending deceleration

(DD). Figure 6.4 describes the average number of acoustic hits obtained in individual

phases in different OA groups. The important observation is that the AA and DD phases

contain the maximum number of acoustic hits in the weight-bearing activity. This is

quite apparent because the subject carries maximum body weight while standing from

the chair in the AA phase and sitting on the chair in the DD phase. The obtained AE

hits and decibel values are distinguished among the different OA groups.
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Figure 6.4: Acoustic Hit Distribution in Joint Motion Phases.

6.3.2 Inherent Signal Features: Signal Duration, Absolute En-

ergy, and Average Frequency Estimation with JSN

The study is also focused on the inherent signal parameters, which are analyzed to dif-

ferentiate among the OA groups. From joint acoustic signals, the time-dependent feature

(Average Signal Duration) in ms, energy-dependent feature (Average Absolute Energy)

in femtojoule fJ, and frequency feature (Average Frequency) in kHz are reported in

Fig. 6.5(a), Fig. 6.5(b), and Fig. 6.5(c), respectively. Signal duration is a feature that

signifies the total time over which the signal is active above the first and last threshold

crossings and justifies how long an acoustic event is relevant. Signal duration also refers

to the signal counts or pulse emitted, which measures the number of threshold crossings
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Figure 6.5: Statistical Observations: (a) Average Signal Duration; (b) Average Absolute
Energy; (c) Average Frequency; (d) Average JSN in Different OA Groups.

of a waveform.

The signal duration is increased from its lowest value in KL grade 1 to approximately

five times higher in KL grade 4, as shown in Fig. 6.5(a). It is observed that the least

mean duration, 2±0.45 ms, is obtained in KL grade-1 subject groups, which is found

to be increased with the progression of KL grades, 4±0.68 in KL-2, 6±0.81 in KL-3,

and the highest mean duration, i.e., 10±3 ms, is obtained in KL grade 4 subject group.

Fig. 6.5(b) shows the absolute energy trends in all OA groups and observed that the

minimum of 36±41 fJ in KL-1, 99±41 fJ in KL-2, 170±57 fJ in KL-3, is obtained,

and the highest energy signals at 401±151 fJ are recorded from the badly damaged knee
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health condition in the KL-4 group subjects. Fig. 6.5(c) shows the average frequency that

provides an estimate of the characteristic frequency of the complete signal and depends

on signal counts and duration. It can be interpreted as the number of counts over a

signal duration during an acoustic event. Almost similar mean frequencies, 61±3 kHz

and 62±6 kHz, are obtained in KL-1 and KL-2 subjects groups, while 96±3 kHz and

103±3 kHz are obtained in KL-3 and KL-4 groups, respectively.

Figure 6.6: Percentage Increment in Signal Features with Increasing KL Grades of
Different OA Groups.

The present study showed a significant difference in average frequencies between higher

(KL-3, KL-4) and lower (KL-1, KL-2) grade subject groups. However, there is not much

difference between KL-1 to KL-2 groups and KL-3 to KL-4 subject groups individually.

Since all the signal parameters in different OA groups are validated with the radiographic

109TH-3463_176103116



Results

findings, the calculated JSN is statically analyzed, as shown in Fig. 6.5(d), where a

decreased trend of JSN compared with AE features is obtained. The obtained JSN values

are 5.5±0.97 mm, 3.43±0.51 mm, 1.86±0.54 mm, and 0.3±0.17 mm in KL-1, KL-2, KL-3

and KL-4 subject groups respectively. Figure 6.6 summarizes the percentage variation

among the signal features in all OA groups with their increasing KL grades. It is observed

that an approximate uniform percentage variation occurred in the number of hits, signal

amplitude, and signal duration with the increasing KL grades, while a non-uniform with

sudden rise is obtained in the absolute energy from KL-1 to KL-2 and KL-3 to KL 4.

Similarly, the frequency feature of the signal is interrelated during joint articulation and

is the outcome of more AE bursts inside the knee joint. When the grade increases from

KL 2 to KL 3, it indicates the severe degradation of the knee joint. The average frequency

obtained from Fig. 6.6 shows the highest percentage variation between the group KL 2

to KL 3, and it is due to the presence of osteophytes, JSN, sclerosis, and possible bone

deformity.

6.3.3 Principal Component Analysis (PCA)

In this section, an unsupervised machine learning approach is used, which is a very promi-

nent method to analyze high-dimensional data by reducing the data dimensionality. The

Principal Component Analysis (PCA) is the technique where the data dimensionality

is reduced by generating orthogonal principal components that contain the maximum

variances in ascending or descending order among the features, and the most dominant

feature is identified as an output among all four OA groups and five different signal

features. In the context of current PCA analysis for acoustic emission parameters re-

lated to knee osteoarthritis, several preliminary steps are crucial for ensuring accurate
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and meaningful results. These steps included data standardization, correlation matrix

computation, and eigenvalue extraction. The scree plot, which is a critical tool in PCA,

helps in determining the optimal number of principal components to retain. Following is

the detailed explanation incorporating these preliminary processes:

Data Standardization

Standardization is performed to normalize the data, ensuring that each variable con-

tributes equally to the PCA. This step is vital because it transforms the data to have a

mean of zero and a standard deviation of one. The variables in the dataset, including No.

of Acoustic Hits, Amplitude (dB), Average Frequency (kHz), Duration (ms), and Abso-

lute Energy (fJ), are standardized to remove units and scale differences. This allowed for

a fair comparison of their contributions to the principal components.

Correlation Matrix Computation

The standardized data is used to compute the correlation matrix, which shows the rela-

tionships between the variables. This matrix is fundamental in PCA as it helps identify

how variables are interrelated. The correlation matrix revealed strong correlations among

variables, such as a high correlation between Amplitude (dB) and No. of Acoustic Hits

is (0.89), which is expected from the nature of the data.

Eigenvalue Extraction

Eigenvalues represent the amount of variance captured by each PC. These values are

critical for understanding the importance of each component. Eigenvalues are computed

from the correlation matrix, showing that PC1 had an eigenvalue of 4.26, explaining

85.36% of the variance, while subsequent components have smaller variance.
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Scree Plot Analysis

The scree plot is generated using the OriginPro-2021 software, displaying the eigenvalues

of the principal components in descending order. This plot helps visualize the variance

explained by each component and aids in selecting the number of components to retain.

As shown in Fig. 6.7, the scree plot exhibited a sharp drop in eigenvalues from the first to

the second principal component. PC1, with the highest eigenvalue (4.26), accounts for the

majority of the variance (85.36%). The plot shows an ‘elbow’ after the second principal

component, where the eigenvalue decline levels off. This point indicates that additional

components beyond the second contribute minimal additional variance. The eigenvalues

for PC3, PC4, and PC5 were significantly lower, explaining only a small fraction of the

total variance (PC3: 3.27%, PC4: 1.87%, PC5: 1.23%). This justifies excluding these

components from further analysis.

Figure 6.7: Scree plot for Principal Component determination.
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Biplot Analysis

Fig. 6.8 shows a biplot and confidence ellipse plot of the PCA outcomes. The feature

vectors are shown in Fig. 6.8(a), in which the arrow direction indicates feature variation

in the principal component space while its length indicates the variance magnitude of

the original data along with that feature. The eigenvectors are associated with the

percentage of maximum variances PC1 (85.36%), which are listed in Table 6.1. The

higher eigenvector value in either direction (+ve or -ve) associated with PC1 variance

shows the most dominating feature in the signal among different OA groups.

Figure 6.8: (a) Biplot of Acoustic Features in PCA Analysis; (b) Confidence Interval
Plot.

Table 6.1: Listing of loading coefficients of eigenvectors in PC 1 (85.36%) for all acoustic
features

S.N Loading coefficient on PC1 (85.36%) Acoustic Signal Features

1 0.467 Amplitude (dB)
2 0.453 Duration (ms)
3 0.444 No. of Acoustic Hits
4 0.443 Average Frequency (kHz )
5 0.426 Absolute Energy (fJ )
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Table 6.1 shows the order of feature dominance with their corresponding eigenvector.

It is observed that the signal Amplitude (dB) is the most dominant feature, having the

highest loading coefficient of PC1 eigenvector magnitude with maximum variance, which

can be selected as a biomarker in early OA detection for participants in different OA

groups. Furthermore, Fig. 6.8(b) shows the confidence ellipse for a 95% confidence inter-

val, indicating the group-wise feature association and uncertainty in feature association.

The ellipse orientation shows the standard deviation and covariance structure distribu-

tion of the feature data in the PCA space. The size of the ellipse is the indication of

data concentration in that particular group. Individual KL grade groups are identified

with associated feature datasets in their ellipse. It is observed that higher data variability

is present among the features of OA grade-4 subject groups, which is apparent because

most random vibrations or joint sounds are captured from KL-4 grade subjects.

6.4 Discussion

The current findings described that AE has a potential application scope in the detection

of OA in humans. When the knee joint has OA at different grades, the cartilage is

degenerated due to friction between the femoral and tibial condyles. A weight-bearing

activity imparts the maximum loaded joint articulation, resulting in narrowed joint space,

and as an outcome, higher AE hits are generated from the condyle surfaces. In this

work, the number of AE hits is distinguished from KL-1 to KL-4 subject groups in three

S-T-S cycles in each subject individually, where a significant increasing trend in their

mean values is identified to differentiate the OA groups. Furthermore, based on the

distribution of the acoustic hits in a single cycle of the weight-bearing activity, obtained

results showed the highest number of hits in the AA and DD phases. These phases are
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identified as suitable biomarkers in the first and last quadrant duration of a single S-T-S

cycle w.r.t. acoustic hits. Previously, AE has also been used to distinguish among the

people with healthy and OA knee conditions based on the number of hits for different age

groups, and it was revealed that acoustic hits increased with increasing age and OA knee

stages (Shark et al.) [150], (Sakib et al.) [191]. Since the AE hit is a function of signal

waveform and in each trial, the number of waveforms obtained is equal to the number of

acoustic hits. The AE is measured in decibels (dB), and it is a function of voltage gain in

the signal. The dB values of a waveform are obtained by using Equation 6.1 where Vout

is the waveform output for a single hit in mV, and Vref is the system reference voltage

with a preset value of 1 mV.

dB = 20 · log10
(
Vout

Vref

)
(6.1)

The outcomes of the absolute energy showed an increment among the OA groups,

approximately three times from KL-1 to KL-2, two times from KL-2 to KL-3, and two

and half times from KL-3 to KL-4 as shown in Fig. 6.6. This significant increment is

helpful in differentiating between the OA groups. Here, the absolute energy is identified

as a suitable biomarker for OA grading. Similar to the current findings, a previous study

revealed the potential of absolute energy between healthy and OA subjects, and absolute

energy was identified as a suitable biomarker for OA knee detection (Sakib et al.) [191].

Furthermore, the progression of knee OA started with doubtful JSN and possible os-

teophytic lipping from the KL-1 grade. It gradually increased with confirmed osteophytes

and definite JSN in KL-2, where the AE signal bursts are noticed. The deformed condyle

surfaces produced higher frequencies with the progression of multiple osteophytes, sclero-

sis, and severe JSN verified from the radiographs of the OA subjects. Here, it is notable
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that the obtaining of the frequency parameter depends on various factors in AE method-

ology like data sampling rate, sensor system sensitivity, type of the sensor used, signal

filtering and processing, noise and interface, data processing units, and most importantly,

sensor placement on the knee joint. Different authors reported the different ranges of fre-

quencies among the healthy and OA knees, and it entirely depends on the effectiveness

of the sensor system (Choi et al.) [145], (Verma et al.) [196]. In this study, KL-1 and

KL-2 grades attain almost similar and lower mean frequencies relating to the joint health

condition. However, it is found to be increased in KL grade 3. Due to the restricted joint

movements in KL-4, the frequencies are also not significantly increased compared to the

KL-3 subject group, and the frequency feature is not identified as a suitable biomarker to

differentiate among the OA groups. Since the AE features are further validated with JSN

from radiographic findings, where the recommended JSN according to the International

Knee Documentation Committee (IKDC) form for states of the grade evaluation is to be

> 4 mm for grade 1, 2-4 mm for grade 2, and < 2 mm for grade 3 (Kohn et al.) [197].

Moreover, the two-dimensional PCA findings are insightful in this work for identifying

suitable OA biomarkers from different KL-grade groups. Biplot illustrated the relation-

ship between the signal features and OA groups. Longer feature vector with small angles

between the feature vectors shows a positive correlation among the features. Signal

amplitude (dB) is identified as the most suitable biomarker in OA detection, with the

highest loading coefficient in PCA analysis. However, the cluster and feature variances

are observed in Fig. 6.8(b), where the confidence ellipse differentiates among the OA

groups according to the KL grades, and the order of feature dominance is identified with

a lesser loading coefficient difference in Table 6.1. A previous study reported the results

of three components of PCA in their work, similar to the current findings, and they re-
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vealed the observation regarding obtained broad-spaced clusters of signal features and

suggested a further group cluster formation can be achieved based on knee pathological

conditions (Shark et al.) [150]. The present study provides a cluster-based group identi-

fication among all the features and validates that all features are segregated among the

OA groups.

6.5 Summary

In Summary, Sensor-based OA detection in a weight-bearing activity and S-T-S move-

ment protocol involves a unique procedure to evaluate the knee joint integrity. The sensor

captures higher frictional energy during the S-T-S activity. Ascending acceleration and

descending deceleration modes of S-T-S activities consist of the maximum number of

acoustic hits in each KL grade group. They are identified as the significant phases for AE

biomarkers in OA detection. The highest dB values are obtained in the KL-4 grade group,

which is identified with the most dominating feature subsets. Longer signal durations are

also captured with the increasing KL grades. The AE frequency is not recognized as a

dominating feature for OA detection among the KL grade groups. A very high increment

in the absolute energy in the most degenerated knees in the KL-4 OA grade group sub-

jects is a suitable biomarker. JSN observation from X-rays is a significant differentiation

among the OA knee groups and varies among the AE features and OA groups. Further,

the PCA results showed that the signal amplitude (dB) is the most dominating feature

identified among all the subject groups and signal features. The present study outcomes

reveal the importance of knee joint AE and their direct and indirect signal features in se-

lecting biomarkers to differentiate between knee OA grades. Finally, the present research

outcomes are heading towards a successful multidimensional AE feature validation in
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a quantitative assessment among different OA grade subjects from the North-Eastern

region of India, and signal parameters are identified as a feasible AE biomarker.
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In-house Development of Knee
Health Monitoring Device Using
Acoustic Technology

7.1 Introduction

The aim of this work is to conduct the human knee joint health assessment by using acous-

tic emissions (AE) technology. As discussed in Chapter 1, osteoarthritis is a prevalent

disease in people nowadays. Knee health assessment is related to the proper functioning

of bones like the femur, tibia, fibula, and patella, along with all soft tissues like ligaments,

meniscus, and cartilage. In Chapter 4, a contact microphone-based wearable system for

knee OA detection is developed, but in that work, different limitations are observed like

the frequency sensing range of the sensor, data sampling and processing limitations in

the Arduino Nano board, and the sensitivity of the sensor in OA detection. Further, as

discussed in Chapter 5, and Chapter 6, a commercial nano piezoelectric sensor system is

used to identify the different signal features from healthy and OA subjects from different

age groups. That commercial sensor system is a costly setup, and is not affordable every

time. So, the present study is focused on developing a cost-effective, small, and portable

wearable system for OA detection. In the present work, a high-speed data processing

board, Raspberry Pi 4 is used as an alternative to the Arduino Nano which has an excel-

lent sampling rate that offers several benefits. The very first advantage of the Raspberry
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Pi 4 is that it has a significant boosting power in data processing, and having the feature

of a quad-core ARM Cortex-A72 CPU with different RAM options with 2 GB, 4 GB,

and 8 GB. In this device, an 8 GB RAM is used for data processing which enhances the

system’s performance. It has dual HDMI outputs and USB 3.0 ports for external storage

access, faster data transfer, and improved connectivity. It also supports a Gigabit Ether-

net port which provides faster network connectivity and is advantageous for high-speed

data transfer for a local network. The Raspberry Pi 4 model supports 2.4 GHz and 5 GHz

Wi-Fi bands, as well as Bluetooth 5.0. for IoT (Internet on Things) based applications.

Apart from this, the device includes an HDMI 7-inch LCD, keyboard, mouse, and other

peripherals for interfacing audio sensors. The fabricated system is well-suitable for early

diagnosis of the OA which is always helpful in preventing a severe health condition by

taking preventive actions after recording and analyzing the vibroarthrographic signals

originating from the knee joint. The general application of this wearable device is that it

can be used by any person in their daily life from any age group to detect osteoarthritis.

7.2 Working Principle

Figure 7.1 shows a flow chart of the working principle of the wearable device. The device

proposed in this research is capable of working with two types of audio modules. First

is a general audio microphone which can be directly interfaced with the Raspberry Pi 4

using a USB port. The second is the audio vibration module which needs an external

circuit to convert and amplify the signal. Since Raspberry Pi can be interfaced with

any peripheral device, it also includes external circuitry. For this work, a circuit board is

designed, which connects with the Raspberry Pi for audio sensor application. This circuit

board includes an audio amplifier and an analog-to-digital converter. Furthermore, the
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vibration sensor senses vibration and converts it into an analog electrical signal. Then

the signal is fed to an amplifier which amplifies the signal according to the requirement.

The signal coming out of the vibration sensor is in the range of millivolts which is too

low and TL072 IC is a perfect low-cost amplifier that can amplify the signal to the range

of volts.

Figure 7.1: Flow chart of the working principle of the Wearable Device.

The resulting analog signal is then fed into an analog-to-digital converter (ADC)

MCP3008 to convert to a digital form so the Raspberry Pi can read it. This ADC

can be directly interfaced with any Raspberry Pi. For displaying and analysis of sound

signals, codes are written in Python programming language. The display of the device

is a GUI (Graphical user interface) designed to be as simple as possible with buttons for

different pages. Each page can display different graphs for multiple audio signals. The
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first page simply displays the continuous raw sound data in the graph of Decibels (dB) vs

Time (ms). The second page displays a graph that represents frequency domain analysis

that is formed by the FFT (Fast Fourier Transform) method. The FFT graph shows the

peak frequency along with the dominant frequencies of the data.

7.3 Listing of the Features and Elements of the De-

veloped Device

As shown in Fig. 7.2, the device includes a lavalier II microphone, TL072 operational

amplifier, MCP3008 analog to digital converter, Raspberry Pi 4 with 8 GB RAM, HDMI

7-inch LCD, printed circuit board (PCB), keyboard, mouse, and other peripherals for

interfacing audio sensors. Following are the detailed description of the individual com-

ponents:

7.3.1 Lavalier II Microphone:

The Lavalier II is a premium lavalier microphone that is suitable for audio and video

applications. It has a unique low-profile design with a flat capsule which includes a

amounting clip. The omnidirectional polar pattern of this microphone picks up crystal-

clear, detailed audio from all directions. It has a 3.5 mm TRS locking connector which

can be integrated other peripheral components.

7.3.2 TL072 Operational Amplifier:

The TL072 is a low-noise JFET-input operational amplifier (op-amp) that is designed

for use in a wide range of analog applications. It is a dual op-amp that contains two
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Figure 7.2: Major Components Used in the Wearable Device Fabrication.

separate amplifiers in a single package. The TL072 is known for its low noise, high gain

bandwidth product, and low distortion, which makes it well-suited for audio applications

such as preamplifiers, mixers, and equalizers.

7.3.3 Analog-to-Digital Converter (MCP3008):

MCP3008 is an 8-channel 10-bit analog-to-digital converter (ADC) IC (Integrated Cir-

cuit) manufactured by Microchip Technology. It is widely used in electronic applications
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where analog signals need to be converted into digital signals for further processing and

analysis. MCP3008 is a versatile and reliable ADC used in many DIY electronics ap-

plications, including data logging, temperature sensing, and audio signal processing. It

provides a cost-effective and easy-to-use solution for converting analog signals into digital

signals for further processing and analysis.

7.3.4 Raspberry Pi 4:

The Raspberry Pi 4 is the fourth generation of the Raspberry Pi single-board computer.

It was released in June 2019 and is designed to be a versatile and affordable computer

used for various applications. Raspberry Pi 4 can be powered by a 5 V micro-USB power

supply, and it has a power consumption of up to 7.5 W, depending on the model and

usage. It is a powerful and versatile computer used for many applications, including

robotics, home automation, media centers, game consoles, and many more.

7.3.5 HDMI 7-inch LCD

An HDMI 7-inch LCD is a small display screen that can be connected to a device with

an HDMI output, such as a computer, media player, or game console. It typically has

a resolution of 800x480 pixels and a 16:9 aspect ratio and is perfect for watching videos

and playing games. The display is usually compact and lightweight, which makes it easy

to carry and set up. An HDMI 7-inch LCD is a valuable and versatile display solution

for various applications.
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Figure 7.3: Device Test Procedure.

7.4 Device Calibration and Perfomance Testing

As shown in Fig 7.3, the fabricated device is successfully calibrated, and tested for dif-

ferent sound frequency ranges. For this procedure, an online tone generator is used using

a laptop and a speaker to which the acoustic microphone is attached. The microphone

surface is kept in front of the diaphragm of the speaker and tested on different gener-

ated sinusoidal sound waves of different frequencies. The aim of this experiment is to
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validate the input frequency from the tone generator with the output of the contact micro-

phone and the results are verified on the screen of the fabricated device. The arbitrarily

generated sound waves at different frequencies are verified repeatedly with different mag-

nitudes. In the next phase of device performance analysis, healthy and osteoarthritic

human subject trials are proposed.

7.5 Proposed Major Advantages of the Developed

Device

� The current development is a compact and portable wearable device that can be

used anywhere, like at work or at home.

� It is a low-cost device, and no skilled operator is required to apply the sensor on

the knee joint.

� It provides a purely non-invasive OA detection method and is free from harmful

radiation.

� Real-time disease detection using the sensor methodology is adopted in the inven-

tion, which is helpful for the early detection of OA.
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Research Summary

For the first time, this study is conducted in the North Esatern region of India. In this re-

search work, the acoustic emission methodology is found to be significantly advanced for

understanding the non-invasive diagnostic procedure for knee osteoarthritis. The use of

acoustic sensors to capture and analyze the sounds emitted by the knee joints has shown

great promise in providing valuable insight into the early stages of degenerative joint

disorder. The outcomes of information derived from the sensors in terms of the signal

features including distinctive acoustic patterns associated with cartilage degradation and

biomechanical alterations opens a new scope of visualization of osteoarthritis detection

and its preventive care. The potential of acoustic methodology is not only limited to

diagnostic applications but also it can be used for the monitoring of the disease progres-

sion. Despite these advancements, challenges such as ambient noise interference, sensor

calibration, and standardization of data acquisition protocols also need to be addressed

in a detailed manner to ensure the reliability and reproducibility of results. Looking

ahead, the future of knee joint vibroarthrography research holds exciting possibilities

like, multimodal sensor technologies, combined with advances in artificial intelligence

and data analytics, may further enhance the diagnostic accuracy and clinical utility of

knee joint vibroarthrography. The exploration of the acoustic signatures associated with

different stages of knee osteoarthritis and its validation from radiological findings rep-

resent a promising avenue for future investigations. In summary, the research on knee
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joint vibroarthrography has demonstrated its potential as a non-invasive, sensitive, and

dynamic tool for knee osteoarthritis detection and monitoring. As the field progresses, it

is anticipated that knee joint vibroarthrography will play a pivotal role in revolutionizing

the diagnostic landscape of knee osteoarthritis, and will offer the valuable information to

the clinicians for early intervention and personalized patient care.

8.1 Synoptic Conclusions From The Present Work

This section summarizes the chapter-wise outcomes of this research work and future

research directions. The major conclusions are encapsulated below:

1. Development of an IMU-Based Digital Goniometer for Knee Joint Anal-

ysis:

� The fabrication and calibration of the digital goniometer using IMU sensors

and electronic components have been successfully completed.

� The validation process demonstrated that the digital goniometer accurately

measures knee joint angles during various movements.

� Comparison with established methods like video motion analysis has shown

promising results, indicating the reliability of the digital goniometer for knee

joint kinematics analysis.

2. Development of a Wearable Device for Knee Joint Sound Detection Using

Contact Microphone:

� The wearable device incorporating a contact microphone and Arduino Nano

has been successfully fabricated.
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� Preliminary testing confirmed the functionality and comfort of the device dur-

ing use.

� Signal feature analysis showed a promising outcome among healthy and os-

teoarthritic subjects, and they are successfully categorized based on sound

decibels.

3. Comparing Knee Joint Angle-Based Acoustic Emissions in Healthy and

OA Subjects in a Quantitative Evaluation:

� Knee joint angle-based acoustic emissions are successfully detected from 121

subjects after their recruitment and consent, demonstrated the feasibility of

the methodology in capturing acoustic signals associated with knee joint move-

ments.

� Analysis of the bilateral plots revealed distinct patterns of acoustic emissions

between healthy and osteoarthritis subject groups. These groups are identified

as significantly different based on the number of acoustic hits captured by the

sensors in S-T-S activity.

� Analysis of time-dependent and energy-dependent signal parameters revealed

significant differences between healthy and osteoarthritis (OA) subject groups.

Specifically, OA subjects exhibited higher levels of these parameters. This

indicates a potential association with compromised knee health conditions in

individuals with OA.

� Cumulative density function plots further underscored the differences between

healthy and OA subject groups, revealing a non-uniform trend in the data

distribution for the OA group. This observation signifies distinct acoustic
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emission patterns associated with different knee health conditions.

4. Identifying Biomarkers for OA Detection in Different KL Grades:

� The study has expanded to include OA individuals with confirmed KL grades

obtained from X-rays, allowing for a comprehensive analysis of knee joint

health across different degenerative stages.

� In OA subjects, specific phases of S-T-S activities, such as ascending accelera-

tion and descending deceleration, exhibit the highest number of acoustic hits,

indicating their potential as significant phases for identifying AE biomarkers.

� Signal durations increase with higher KL grades, suggesting a correlation be-

tween disorder severity and signal characteristics.

� Remarkably elevated absolute energy levels are observed in knees with ad-

vanced OA (KL grade 4), indicating significant joint degeneration.

� Image processing analysis revealed a progressive decrease in joint space nar-

rowing with increasing KL grades, particularly pronounced in KL grade 4

subjects, signifying severe knee degeneration.

� Acoustic emission frequency is not a predominant feature for OA detection

across different KL grade groups, highlighting the importance of other signal

features.

� Principal Component Analysis identified signal amplitude (dB) as the most

suitable biomarker for distinguishing OA subjects among all KL grades, un-

derscoring its significance in OA detection and classification.
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8.2 Futute Scope of Work

The future studies based on this work can be in following aspects:

� Since the AE system used in this research is an expensive sensor and data acquisi-

tion configuration, further research can be focused on developing different low-cost

acoustic sensors and small-scale data acquisition systems in the form of knee health

assessment wearable devices for taken-home healthcare systems.

� This research work is carried out on the population from the North-Eastern re-

gion in India. However, other states and places with different demographic and

anthropometric conditions can also be explored.

� Patellofemoral sites can be examined to distinguish between OA groups in different

activities.

� Other body joints and secondary OA can also be examined using AE sensors.

� Current sensor-based AE methodology can be used for the monitoring of the sub-

jects under different rehabilitation conditions.

� Wireless and mobile application-based wearable devices can also be developed for

OA detection.
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Appendix

A.1 The Details of the Total 121 Subjects, Participated in this
Study and Categorized into Healthy and Osteoarthritic
Subject Groups based on their Age and Knee Health Con-
ditions.

Table A.1: Anthropometric and other parameters of 40 subjects (H1 Group).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 1 28 M 23.88 0 0 0 0 18 19 78

S 2 29 M 19.58 0 0 0 0 22 16 77

S 3 25 M 21.11 0 0 0 0 25 16 79

S 4 37 M 30.10 0 0 0 0 20 28 81

S 5 26 M 23.90 0 0 0 0 21 27 79

S 6 33 M 28.66 1 1 5 7 26 14 82

S 7 20 F 22.98 0 0 0 0 22 25 78

S 8 28 M 19.91 0 0 0 0 16 18 80

S 9 20 M 20.23 0 0 0 0 13 20 79

S 10 28 M 17.74 0 0 0 0 20 27 79

Table A.1: Continued on next page
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The Details of the Total 121 Subjects, Participated in this Study and Categorized into
Healthy and Osteoarthritic Subject Groups based on their Age and Knee Health

Conditions.

Table A.1: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 11 20 M 18.54 0 0 0 0 25 16 76

S 12 30 M 26.13 1 0 3 4 25 17 80

S 13 28 F 18.97 0 0 0 0 20 17 80

S 14 20 F 25.42 0 0 0 0 22 20 80

S 15 24 M 37.42 5 0 8 13 16 15 81

S 16 35 F 31.62 0 0 0 0 28 11 81

S 17 29 M 39.95 1 0 2 3 34 17 81

S 18 38 F 36.75 5 0 16 21 20 14 82

S 19 26 F 31.57 2 1 6 9 23 18 81

S 20 35 F 18.16 0 0 0 0 15 17 79

S 21 29 F 19.23 1 0 6 7 25 15 79

S 22 22 F 20.48 4 2 12 18 15 19 78

S 23 29 M 25.63 3 2 10 15 26 22 77

S 24 32 F 21.47 6 0 19 25 18 12 77

S 25 30 M 22.17 3 0 6 9 12 12 80

S 26 33 M 22.60 10 6 6 22 14 13 79

S 27 28 M 25.53 2 0 12 14 23 14 80

S 28 35 F 33.52 3 1 5 9 21 16 78

Table A.1: Continued on next page
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Table A.1: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 29 26 M 27.98 2 0 6 8 21 9 77

S 30 28 F 20.39 3 3 5 11 19 13 79

S 31 28 F 27.65 10 7 39 56 19 10 77

S 32 21 M 24.33 0 0 0 0 21 13 78

S 33 26 M 24.31 0 0 0 0 11 12 78

S 34 37 M 23.32 0 0 0 0 22 17 78

S 35 30 M 18.84 0 0 0 0 19 15 78

S 36 24 M 21.31 4 3 12 19 14 10 80

S 37 27 F 20.26 0 0 0 0 20 10 79

S 38 24 M 27.83 0 0 0 0 16 13 81

S 39 30 M 22.71 0 0 0 0 18 10 80

S 40 35 M 24.94 0 0 0 0 19 11 78

Table A.1: It ends from the previous page.
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The Details of the Total 121 Subjects, Participated in this Study and Categorized into
Healthy and Osteoarthritic Subject Groups based on their Age and Knee Health

Conditions.

Table A.2: Anthropometric and other parameters of 40 subjects (H2 Group).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 41 52 F 27.41 5 0 6 11 29 35 81

S 42 53 M 26.12 2 0 12 14 35 27 86

S 43 42 M 30.16 3 1 11 15 40 47 88

S 44 45 M 28.88 1 0 4 5 39 30 88

S 45 52 F 25.98 11 4 28 43 46 29 85

S 46 52 F 18.36 3 2 18 23 26 23 84

S 47 57 F 24.88 5 2 21 28 45 40 88

S 48 53 F 22.48 6 3 26 35 42 43 85

S 49 56 F 17.31 3 3 21 27 43 37 88

S 50 50 F 21.93 5 2 24 31 40 29 89

S 51 48 F 27.69 4 4 6 14 44 21 92

S 52 47 M 22.60 3 2 13 18 40 34 87

S 53 42 M 25.15 7 2 18 27 42 37 89

S 54 40 F 22.22 7 0 20 27 52 40 92

S 55 42 M 30.98 5 0 16 21 59 41 94

S 56 54 F 22.37 8 4 23 35 31 37 94

S 57 44 M 38.19 3 0 9 12 37 41 94

Table A.2: Continued on next page
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Table A.2: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 58 51 M 34.68 1 0 4 5 32 47 93

S 59 40 F 38.63 3 0 8 11 43 25 93

S 60 53 M 30.13 5 1 14 20 40 20 93

S 61 53 F 24.45 6 0 28 34 42 33 95

S 62 52 F 33.48 3 2 24 29 27 36 93

S 63 50 F 24.80 7 4 16 27 38 35 85

S 64 40 F 29.14 8 2 28 38 41 31 92

S 65 48 F 33.29 7 2 23 32 44 52 86

S 66 48 F 30.06 3 0 9 12 40 36 90

S 67 44 F 31.15 3 0 12 15 50 33 92

S 68 54 F 20.27 6 2 22 30 29 34 87

S 69 42 M 23.67 5 0 21 26 45 39 92

S 70 53 M 29.30 1 1 4 6 30 26 92

S 71 47 F 24.69 7 1 32 40 31 28 91

S 72 58 M 25.83 1 0 0 1 29 40 88

S 73 48 M 24.57 3 2 9 14 32 58 91

S 74 47 F 22.51 2 0 0 2 44 35 93

S 75 52 F 28.84 7 0 21 28 33 20 92

Table A.2: Continued on next page
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The Details of the Total 121 Subjects, Participated in this Study and Categorized into
Healthy and Osteoarthritic Subject Groups based on their Age and Knee Health

Conditions.

Table A.2: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 76 48 F 26.01 7 4 31 42 24 22 93

S 77 48 F 24.03 5 2 19 26 24 19 90

S 78 44 F 21.10 6 2 20 28 35 38 86

S 79 48 F 23.15 1 0 5 6 37 26 91

S 80 57 M 31.64 8 6 31 45 28 28 93

Table A.2: It ends from the previous page.
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Table A.3: Anthropometric and other parameters of 25 subjects (H3 Group).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 81 64 M 24.22 9 4 30 43 64 71 97

S 82 75 F 26.71 11 4 28 43 65 66 99

S 83 61 F 17.98 7 3 27 37 69 86 100

S 84 66 F 22.64 10 3 23 36 79 78 100

S 85 66 F 20.00 5 2 20 27 66 75 99

S 86 83 M 25.14 9 4 26 39 68 76 99

S 87 70 F 18.37 5 2 19 26 75 69 99

S 88 65 F 18.97 12 4 32 48 52 67 99

S 89 67 F 25.22 12 5 21 38 61 73 99

S 90 65 F 18.73 6 2 22 30 59 70 95

S 91 61 M 15.62 4 2 14 20 40 56 97

S 92 69 M 18.67 5 2 12 19 63 47 89

S 93 70 F 25.79 8 4 18 30 52 53 98

S 94 63 F 23.73 5 2 15 22 52 48 99

S 95 67 F 23.56 5 3 15 23 54 53 105

S 96 69 M 33.78 7 0 29 36 53 48 100

S 97 60 M 31.61 10 0 28 38 40 46 98

Table A.3: Continued on next page
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The Details of the Total 121 Subjects, Participated in this Study and Categorized into
Healthy and Osteoarthritic Subject Groups based on their Age and Knee Health

Conditions.

Table A.3: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 98 73 F 31.57 5 0 26 31 37 43 99

S 99 62 F 30.38 5 2 35 42 59 83 103

S 100 79 F 26.63 9 6 51 66 37 54 101

S 101 61 F 31.52 12 4 42 58 24 54 99

S 102 62 M 27.39 10 0 30 40 54 68 98

S 103 84 F 23.19 12 5 38 55 32 64 101

S 104 68 M 22.84 7 2 21 30 53 57 100

S 105 63 M 24.19 1 1 6 8 30 40 105

Table A.3: It ends from the previous page.
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Table A.4: Anthropometric and other parameters of 16 subjects (OA Group).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

AE

Hits

(RL)

AE

Hits

(LL)

Average

Ampli-

tude

(dB)

S 106 43 M 26.45 4 1 17 22 94 102 110

S 107 61 F 39.06 15 7 39 61 142 140 118

S 108 43 M 38.44 2 3 12 17 123 113 110

S 109 66 F 37.09 7 4 30 41 97 138 110

S 110 49 M 29.12 7 2 21 30 103 114 106

S 111 63 M 28.66 7 4 32 43 117 107 108

S 112 37 F 28.76 10 6 39 55 116 111 103

S 113 55 F 28.08 10 0 24 34 115 117 105

S 114 37 M 25.82 4 0 27 31 78 88 106

S 115 50 M 22.65 15 5 42 62 72 86 105

S 116 60 M 27.01 6 2 22 30 99 118 114

S 117 49 F 26.67 5 2 26 33 99 116 108

S 118 52 F 44.63 4 0 25 29 119 113 129

S 119 46 F 44.19 11 6 30 47 94 87 123

S 120 42 F 42.35 5 1 21 27 91 83 129

S 121 48 F 38.69 9 5 33 47 91 98 126

Table A.4: It ends from the previous page.
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The Details of the Total 63 Osteoarthritic Subjects with Different KL Grades,
Participated in this Study and have Confirm Radiographic Evidences.

A.2 The Details of the Total 63 Osteoarthritic Subjects with
Different KL Grades, Participated in this Study and have
Confirm Radiographic Evidences.

Table A.5: Anthropometric and other parameters of 19 subjects (OA-KL grade-1).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S1 50 M 22.65 15 5 42 62 6.09 61.50 79

S2 38 F 30.95 8 5 30 43 5.1 62.15 52

S3 50 F 31.00 5 0 24 29 7.44 60.47 67

S4 47 M 22.64 7 0 17 24 6.96 59.27 69

S5 37 F 24.88 3 3 7 13 5.09 65.08 90

S6 55 F 19.82 14 4 41 59 6.03 62.65 96

S7 50 M 25.92 2 0 3 5 6.02 58.48 72

S8 45 F 22.98 9 4 27 40 7.05 60.39 96

S9 54 F 37.76 6 0 35 41 5.55 57.34 96

S10 55 M 31.01 2 0 13 15 4.57 60.81 98

S11 49 M 42.16 6 2 19 27 5 56.63 76

S12 46 F 28.39 4 0 11 15 5.11 59.92 75

S13 60 M 22.21 4 4 28 36 4.15 58.50 77

S14 47 F 29.71 8 4 45 57 4.1 60.61 75

S15 70 F 34.00 10 4 25 39 6.17 56.83 81

Table A.5: Continued on next page
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Table A.5: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S16 38 M 22.67 4 1 10 15 4.45 61.45 86

S17 57 M 28.34 6 2 19 27 5.47 56.07 81

S18 56 F 26.91 3 3 24 30 4.26 60.24 97

S19 55 M 27.99 3 2 11 16 5.88 56.70 74

Table A.5: It ends from the previous page.
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The Details of the Total 63 Osteoarthritic Subjects with Different KL Grades,
Participated in this Study and have Confirm Radiographic Evidences.

Table A.6: Anthropometric and other parameters of 20 subjects (OA-KL grade-2).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S20 43 M 38.41 2 3 12 17 3.36 67.48 102

S21 37 F 28.76 10 6 39 55 2.35 60.84 119

S22 58 F 27.49 4 3 21 28 3.96 61.71 101

S23 54 F 23.92 9 2 27 38 4.6 62.78 109

S24 54 F 26.39 11 2 26 39 3.81 64.75 110

S25 60 M 36.98 9 6 48 63 2.61 61.07 109

S26 45 F 27.24 8 4 31 43 3.33 64.98 104

S27 52 F 31.83 1 1 9 11 3.37 67.47 103

S28 56 F 36.98 8 2 28 38 3.15 63.58 100

S29 49 F 27.43 3 0 16 19 3.47 64.29 116

S30 45 F 39.24 4 0 24 28 3.59 62.57 105

S31 39 F 35.00 3 0 5 8 3.49 65.08 112

S32 66 M 30.82 9 6 37 52 3.28 62.07 94

S33 47 M 25.16 3 3 26 32 3.77 62.03 97

S34 39 M 26.21 3 4 22 29 3.78 62.56 93

S35 53 M 21.39 4 3 16 23 2.95 65.04 124

S36 54 M 24.33 4 2 16 22 3.52 64.06 98

Table A.6: Continued on next page
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Table A.6: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S37 55 M 27.99 3 2 11 16 3.73 62.19 92

S38 80 M 23.74 5 3 14 22 3.92 63.83 121

S39 70 M 27.64 7 5 23 35 2.65 62.45 97

Table A.6: It ends from the previous page.
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The Details of the Total 63 Osteoarthritic Subjects with Different KL Grades,
Participated in this Study and have Confirm Radiographic Evidences.

Table A.7: Anthropometric and other parameters of 19 subjects (OA-KL grade-3).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S40 59 F 24.24 12 4 32 48 1.49 73.23 131

S41 66 F 37.09 5 4 37 46 1.73 74.26 137

S42 63 M 28.66 9 5 37 51 2.71 71.39 161

S43 55 F 28.08 13 4 34 51 1.14 72.13 121

S44 61 F 25.97 9 5 27 41 1.25 68.82 120

S45 68 F 28.23 12 4 31 47 1.32 71.12 125

S46 72 M 24.60 7 3 23 33 1.44 74.33 150

S47 60 F 26.08 8 2 31 41 1.69 68.97 142

S48 69 M 26.40 12 6 50 68 2.45 71.31 148

S49 65 M 20.81 10 6 40 56 2.24 72.28 139

S50 38 F 39.03 8 2 24 34 2.47 69.79 129

S51 65 M 30.08 14 3 49 66 2.14 71.87 141

S52 50 F 26.90 8 4 41 53 1.1 68.93 140

S53 40 F 26.30 10 5 38 53 1.25 69.65 117

S54 42 M 26.53 7 5 47 59 2.39 72.54 135

S55 80 M 23.74 5 3 14 22 2.13 69.74 147

S56 70 M 27.64 7 5 23 35 2.65 73.42 148

Table A.7: Continued on next page
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Table A.7: continued from previous page

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S57 55 F 24.56 11 5 45 61 2.32 69.46 123

S58 59 F 30.26 10 6 48 64 1.51 69.95 145

Table A.7: It ends from the previous page.
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The Details of the Total 63 Osteoarthritic Subjects with Different KL Grades,
Participated in this Study and have Confirm Radiographic Evidences.

Table A.8: Anthropometric and other parameters of 05 subjects (OA-KL grade-4).

SubjectsAge Sex

(M/F)

BMI Pain

(20)

Stiffness

(8)

Physical

Func-

tion

(68)

WOMAC

score

(96)

JSN

(mm)

Signal

Ampli-

tude

(dB)

No.

of

Hits

S59 65 M 30.08 14 3 49 66 0 75.69 170

S60 59 F 30.26 10 6 48 64 0.43 77.40 174

S61 78 M 25.22 13 7 49 69 0.46 76.98 152

S62 65 M 28.55 16 5 45 66 0.39 74.18 159

S63 70 M 27.29 12 7 47 66 0.22 76.20 180

Table A.8: It ends from the previous page.
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Juha Töyräs, and Isaac O Afara. Near infrared spectroscopy enables differentiation

159TH-3463_176103116



Chapter A BIBLIOGRAPHY

of mechanically and enzymatically induced cartilage injuries. Ann. Biomed. Eng.,

48(9):2343–2353, 2020.

[7] Vikki Wylde, P Dieppe, S Hewlett, and ID Learmonth. Total knee replacement: is

it really an effective procedure for all? The Knee, 14(6):417–423, 2007.

[8] Ernest Blodgett. Auscultation of the knee joint. Boston Med. Surg. J., 146(3):63–

66, 1902.

[9] A Peylan. Direct auscultation of the joints; preliminary clinical observations.

Rheumatism, 9(4):77–81, 1953.

[10] Mamerto Chu, Ivan Gradisar, and Richard Mostardi. A noninvasive electroacousti-

cal evaluation technique of cartilage damage in pathological knee joints. Med. Biol.

Eng. Comput., 16(4):437–442, 1978.

[11] RA Mollan, GC McCullagh, and RI Wilson. A critical appraisal of auscultation of

human joints. Clin. Orthop. Relat. Res., (170):231–237, 1982.

[12] Nima Befrui, Jens Elsner, Achim Flesser, Jacqueline Huvanandana, Oussama Jar-

rousse, Tuan Nam Le, Marcus Müller, Walther HW Schulze, Stefan Taing, and

Simon Weidert. Vibroarthrography for early detection of knee osteoarthritis using

normalized frequency features. Med. Biol. Eng. Comput., 56(8):1499–1514, 2018.
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ceno, Érika LFC Alvarenga, Álvaro CO Penoni, and Ana F Santos. A low-cost

wireless system of inertial sensors to postural analysis during human movement.

Measurement, 148:106933, 2019.

[183] Melanie Svensson, Veronika Lind, and Marita Löfgren Harringe. Measurement of
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