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ABSTRACT

Shoulder and knee joints pain, injury and discomfort are public health and economic
issues world-wide. As per the Indian orthopedic association survey, there are about
50% of the patient visits to doctors' offices because of common shoulder and knee
injuries such as fractures, dislocations, sprains, and ligament tears. Shoulder and knee
are the most complex, maximum used and critical joints in the human body. The
shoulder and knee joint muscle behaviour during different exercises is one of the
major concerns to the orthopedic surgeon for analysing the exact healing and duration
of the injury. Quantification of mechanical stresses and strains in the human joints and
the musco-skeletal system is still a big concern for the researchers. The injury
mechanisms and analysis of the post-operative progress is one of the most critical

studies for orthopedic surgeons, biomechanical engineers and researchers.

In the present work a classical 3D Finite Element Method (FEM) modelling technique
has been used to investigate the stresses induced in the shoulder joint muscles during
abduction arm movement and knee joint muscles during flexion leg movement for
different range of motion. 3D model provides valuable information for analysing
complex bio-mechanical systems and characterization of the joint mechanics. Reverse
modelling method was used for generating fast, accurate and detailed contours of the
shoulder and knee model. Scanning of the complicated shoulder and knee joint bones
were made by 3D scanner (ATOS Il1) to generate ‘.stl’ file. Accurate and detailed 3D
bone geometry of the shoulder and knee joint models was done using CATIA V5
software from the scanned “.stl’ file. The higher order geometrical features (curve and
surfaces) were designed by filtering and aligning number of cloud points, tessellation
of polygonal model, recognition and defining the referential geometrical entities.
According to quadratic dependency, a hon-homogeneous bone constitutive law was
implemented. Different muscles were then added on the shoulder and knee joint
models in CATIA V5. 3D models were then imported in “.igs’ format into ANSYS

workbench for the stress analysis.

A 3D FEM model was developed for the five important shoulder joint muscles,

namely deltoid, supraspinatus, subscapularies, teres minor and infraspinatus. The



kinematics for shoulder abduction arm movement was prescribed as an input to finite
element simulations and the Von Mises stresses and equivalent elastic strain in the
shoulder muscles were plotted. Individual and group muscle analysis was done to
evaluate the Von Mises stresses and equivalent elastic strain of the shoulder muscles
during the abduction arm movement. During the individual muscle analysis, the Von
Mises stresses induced in deltoid muscle was maximum (4.2175 MPa) and in group
muscle analysis it was (2.4127MPa) compared to other individual four rotor cuff
muscles. During the individual muscle analysis, the equivalent elastic strain induced
in deltoid muscle was maximum (3.5146 mm/mm) and in group muscle analysis it
was (2.0106 mm/mm) compared to other individual four rotor cuff muscles. The
percentage analysis of individual muscles contribution for abduction arm movement
predicted by FEM analysis was maximum (46.85%) in the deltoid muscle. The results
showed that deltoid muscle was the most stressed muscle in both individual and group

muscle analysis.

The Surface Electromyography (SEMG) test was conducted on the shoulder prone
subjects using the developed low cost shoulder Continuous Passive Motion (CPM)
machine. The percentage analysis of individual muscles contribution for abduction
arm movement predicted by SEMG analysis was maximum (48.15%; 46.15% and
47.05%) in the deltoid muscle. Deltoid was the most contracted (stressed) muscle
observed during the SEMG analysis amongst the five shoulder muscles. The results
showed by both FEM and SEMG methods that deltoid muscle was the most sensitive

amongst the five shoulder joint muscles during abduction arm movement.

FEM analysis was done to investigate the Von Mises stresses in two important knee
joint muscles such as the rectus femoris and biceps femoris muscle during the flexion
leg movement. During the muscle analysis, the Von Mises stresses induced in rectus
femoris muscle was the maximum (1.5579 MPa). The results showed that rectus
femoris muscle was the most stressed muscle than the biceps femoris muscle during

flexion leg movement.

The SEMG test was conducted on the knee prone subjects using the developed low
cost knee CPM machine. The average percentage contraction (stress distribution)

exhibited by SEMG analysis on the rectus femoris muscle was 70% of the total



muscles contraction. The results by both FEM and SEMG methods showed that

rectus femoris was the most stressed muscle during the flexion leg movement.

The present work provides in depth information to the researchers and orthopedicians
for the better understanding of the shoulder and knee joint mechanism in human
anatomy. It predicts the most stressed muscle in the shoulder joint during the
abduction arm movement and in the knee joint during the flexion leg movement at

different range of motion.
Key words:

FEM model, Deltoid, Supraspinatus, Abduction, Rectus Femoris, Flexion, Sensitivity

Analysis, Surface Electromyography, Von Mises Stresses, Equivalent Elastic Strain.
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CHAPTER 1

INTRODUCTION

1.1 PREAMBLE

The injury and distress related with the shoulder and knee joints are one of the major
issues worldwide. The function of these joints and the stress developed during their
movement is a major concern to an orthopedic surgeon; to study precisely the injury
and thereafter to analyse the post-operative progress of the injury. The muscle
behavior is one of the major concerns to analyze the exact healing progress of the
patient during different exercise. Human joint muscle is soft, flexible and is having
hyper elastic properties, which changes with respect to the muscle activity.
Measurement and understanding of the pain (i.e. stresses induced) in the human joints
and muscles are important in several areas such as, rehabilitation engineering,
biomechanics, bionics, human robotics and others. This understanding of the human
joints and muscles permit to develop bio-inspired control strategies or tools to be
implemented in new ways such as to explore new therapies in disabled people,
disabilities affecting the human motor system after the surgery, individual and group
muscles behaviour in the human joints. Though a lot of work is in progress on the
shoulder and knee joint stress analysis and its behavior, still the exact stresses
developed and its behavior is a major concern for the orthopedic surgeons.

The work on the behavior of shoulder and knee joints by use of FEM model is in
progress from late nineties. The first biomechanical model for shoulder joint was
developed by Dul in 1988 to quantify the joint muscle load. To investigate the
stability of Glenohumeral joint for determining muscular forces and stresses, recent
model with inverse dynamic theory with Finite Element models were used (Lacroix et
al., 2000, Murphy et al., 2001). A CT scan dataset of the different bones of human
anatomy were meshed in Hypermesh and after adding mechanical properties to them,
the static and dynamic conditions were performed along with the simulation (Astier et

al., 2007). A finite element model was effectively utilized to study the sensitivities of



tibio-menisco-femoral joint contact behavior to variations in knee kinematics (Yao et
al., 2008). To analyze the stresses and contact pressure peaks, knee FEM model was
developed (Ingrassia et al., 2013). FEM model’s applicability for real time analysis
for knee joint muscle has been explained in detail with the knee joint case study
(Lukas et al., 2014). The 3D CAD knee joint model was created on the basis of visible
human project CT scans to analyze the stress state and contact pressures performed in
the knee bending position. The results showed that the maximum stress did not exceed
the yield strength (90 MPa) of the material (Zach et al., 2015).

Similarly analysis of muscle behavior using Electromyography (EMG) test is a trend
followed by many researchers. Wired EMG tests were carried to analyze the force
direction and magnitude in shoulder joint (Henk et al., 1997). Behavior of deltoid and
trapezius muscles in tension and fatigue were conducted using surface
electromyography (SEMG) (Liu et al., 2001). A model for estimation of isometric
joint torque using SEMG signals was developed (Amirreza et al., 2011). Analysis of
shoulder and neck fatigue was made using surface EMG (Suman et al., 2013). EMG
based muscle synergy analysis was performed for the knee flexion / extension and

lower limb muscle forces (Dao., 2015).

1.2 SHOULDER JOINT ANATOMY

Shoulder is one of the most critical joint with maximum degrees of freedom. It is an
elegantly multifaceted system of bones, joints and muscles that together allows almost
infinite number of movements. The shoulder joint allows us to move our hands
wherever necessary to perform predefined task. To perform any task; strength,
flexibility and stability of the shoulder joints has to be balanced. The flexibility and
stability of the shoulder joint during large range of motion is provided by dynamically
controlled system of muscles and ligaments. The shoulder complex is the functional
unit that results in the movement of the arm with respect to the trunk. The unit
consists of the clavicle, scapula and humerus; the articulations linking them and the
muscles that move them. It is formed where the humerus fits into the scapula like a

ball and socket joint. Fig 1.1 illustrates the orientation of three bones of the shoulder



joint. The shoulder bones orientation and alignment is one of the important inputs for

building a CAD model in CATIA.
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Fig. 1.1 Shoulder Joint Anatomy

Humerus is the longest bone of the upper limb. It has an upper end, a lower end and a
shaft. The upper one-third of the anterior border forms the lateral lip of the inter
tubercular sulcus. The lower half of the anterior border is smooth and rounded. The
anterolateral surface between the anterior borders the upper half of this surface is

covered by deltoid. The deltoid muscle originates from the humerus (Romanes, 2012).
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Fig. 1.2 Humerus Bone

Fig. 1.2 shows the elements of Humerus bone. The geometry of the humerus is
complicated and is difficult to model it directly in CATIA. This is because, the upper

end is rounded to form the head, the lower end is expanded from side to side and



flattened from backwards and the head is directed medially and backwards (Romanes,
2012).

Clavicle is a short bone in the shoulder joint. It supports the shoulder and enables the
arm to swing clearly away from the trunk. The clavicle transmits the weight of the
limb to the sternum. The bone has a cylindrical part called the shaft and two ends,
lateral and medial. It is the only long bone that lies horizontally and which has two
primary centers of ossification. The Clavicle shown in Fig. 1.3 has a flat lateral end
with a quadrilateral medial end. The inferior surface is grooved longitudinally in its
middle one-third, which is difficult to model in CATIA (Romanes, 2012).

Sternal end

Acromial o \\
articular S

surface

Sterrial
articular

Nutrient foramen surface

Acromial  Conoid tubercle Impressiop for :
end costoclavicular ligament

Fig. 1.3 Clavicle Bone

Scapula is a thin bone placed on the posterolateral aspect of the thoracic cage. The
scapula has two surfaces, three borders, three angles and three processes. Scapula

bone is shown in Fig 1.4.

Facet for
clavicle

Scapular Superior angle
notch
Spine

v
Acromion w

Coracoid process

- Medial

Glenoid cavity ~ A border

Neck

Subscapular fossa '

Lateral border

interior angle

Fig. 1.4 Scapula Bone

The different rotor cuff muscles attached to the scapula includes teres minor,

subscapularies, infraspinatus, and supraspinatus. These muscles are responsible for



the internal and external rotation of the shoulder joint, along with humeral abduction
and adduction (Romanes, 2012).

1.2.1 Shoulder Joint Muscles

Although ligaments protect and surround the shoulder joint, most of its stability
comes from the powerful muscles and tendons of the rotator cuff. There are twenty
muscles crossing the shoulder, and these muscles must coordinate their activation and
force production in such a way that it has to generate the joint motion while
maintaining stable base support for the arm. The rotator cuff consists of four major
muscles such as supraspinatus, infraspinatus, subscapularies, and teres minor. Each of
these muscles has its origin on the scapula and enclosures around the head of the
humerus. The tendons of these muscles support the humerus while the contraction of
the muscles rotates, adducts, or abducts the humerus. The deltoid muscle located
superior to shoulder joint works with the supraspinatus muscle to elevate and lower

the arm at the shoulder.
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Fig. 1.5 Shoulder Joint Muscles

Although the joint is held together by these extensive ligament and muscle
attachments, certain types of forces can weaken the shoulder joint easily. With this
complex structure the upper limbs perform tedious tasks such as throwing a ball,
lifting of the objects, playing musical instruments and writing. Fig. 1.5 shows the 3D

fiber routes for each shoulder joint. Shoulder pain, injury and discomfort are often
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caused by the unbalancing of these muscles in the shoulder joint. Some of the
common shoulder injuries include dislocation, chronic instability, rotator cuff tears,
and impingement. Children shoulder joints are susceptible to dislocations from
sudden jerks of the arm, as the muscles are not fully developed (Webb et al., 2014).

1.3 KNEE JOINT ANATOMY

Knee is the one of the most complex and extensively used joints in the human body.
The knee joint basically consists of four bones; femur (thigh bone), tibia (shin bone),
fibula (calf bone) and patella (kneecap). These bones are held together by a complex
muscle system that move the knee joint. Stability of the knee joint is a critical aspect
which is provided by the muscles and ligaments. The anterior and posterior cruciate
ligament prevents the femur from sliding backward or forward on the tibia. Side to
side sliding of the femur is prevented by medial and lateral collateral ligaments
(Veeger et al., 2007).

Femur is the longest and strongest bone in the human body. It is the only long bone in
the thigh, which includes a diaphysis, the shaft and two extremities that articulate with

adjacent bones in the hip and knee.
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Fig. 1.6 Femur Bone

The head of the femur has two third of a sphere and a small groove, connected
through the ligament to the acetabula notch. The area between head and neck is used

to connect different muscles to the femur. The femur bone body is cylindrical,
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somewhat flattened and is slightly arched. The femur bone is convex in front, and
concave at back. The lower extremity of the femur is larger than upper extremity.
Fig.1.6 shows the front section of femur, the contour of which is complex and uneven,
so it becomes difficult to model directly the femur bone in CATIA V5.

The fibula is a leg bone positioned on the lateral side of the tibia, which is connected
at the top and bottom side of tibia. Its shaft is slender, long, non-uniform having an
anterior surface and narrow in its upper part. The lower part of the fibula is having a
triangular facet. Different muscles are attached to the fibula, which supports and give
strength to different knee bones. The contour of fibula is not so difficult to 3D model
in CATIA V5. The assembly of the tibia and fibula is shown in Fig.1.7.
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Fig. 1.7 Tibia and Fibula Bone

The tibia is a stronger and longer bone than fibula which is also known as shining
bone. It is located in the lower leg and is connected with the fibula. The upper
extremity of the tibia is enlarged in the transverse plane with the medial and lateral
condyle. The shaft of the tibia is triangular in cross-section and forms three borders
which form three surfaces. The lower extremity of the tibia is much smaller than the

upper extremity. It is one of the most fracture prone bones in the knee joint.

The patella is also known as knee cap and is the weakest bone in the knee joint
assembly. It is about circular in cross section and different muscles are connected to
it. The stability of the knee cap is one of the major concerns and is prone to injury
because of its frontier location.The front section of patella is shown in Fig.1.8.
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1.3.1 Knee Joint Muscles

Knee bones are connected together by a very complex muscle system that moves the
joint. Stability of the knee joint is a critical aspect which is provided by the muscles
and ligaments. The sliding backward or forward of the femur on the tibia is prevented
by the anterior and the exterior cruciate ligament. The medial and lateral collateral
ligaments prevent the femur from sliding side to side. Fig.1.9 shows the knee joint

muscles.
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Fig. 1.9 Knee Joint Muscles

The complex muscles are divided into two parts quadriceps femoris, biceps femoris,
along with popliteus, soleus and ilio-tibial band. Quadriceps muscle is further divided
into four separate muscles such as rectus femoris, vastus lateralis, vastus medialis and
vastus intermedius. Rectus femoris is the major muscle, which occupies the center of
the thigh. Anteriorly the rounded tendon of the rectus femoris muscle flattens

immediately above the patella, and forms the anterior lamina which is inserted



separately at the anterior of the head of tibia. Biceps femoris is located at the posterior
side and is one of the sensitive muscles for hamstring (Last, 1948). The rectus
femoris is the initiator of the flexion movement and biceps femoris is the initiator of
the elevation movement problem (Brooke et al., 1997). To evaluate the rectus femoris
and biceps femoris muscles role during the leg movements FEM model may be

developed.

1.4 ELECTROMYOGRAPHY (EMG)

Electromyography (EMG) is the study of muscle function by recording the electrical
signals that muscles emanate during its stimulation. The EMG activity of voluntary
muscle contractions is related to the tension in the muscle. The functional unit of the
muscle contraction is a motor unit, which comprised of a single alpha motor neuron
and all the fibres it innervates. In EMG, electric signals are passed in the muscles
through stimulator and are recorded by electrodes. After these signals are amplified
and further processed the output is displayed on the monitor (Konrad, 2005).
Basically there are two types of EMG studies based on the type of electrodes used

which are surface and fine wire.

Fine wire electrodes require a needle for insertion into the belly of the muscle to
measure the muscle contraction. Fine wire electrodes are used to test small muscles
which would be impossible to detect with a surface electrode due to cross-talk and
also to test the deep muscles behaviour. But the insertion of the needle causes

discomfort and can causes tightness in the muscle.

The surface electrodes are divided into two groups such as active electrode and
passive electrodes. In active electrodes, a built-in amplifier is used at the electrode site
to improve the impedance and no gel is required for these electrodes as they increase
the noise ratio. Passive electrodes are used to detect the EMG signal without a built-in
amplifier, making it important to reduce all possible skin resistance. It requires
conducting gel and extensive skin preparation. The advantages of surface electrodes
are that there is minimal pain with application. SEMG recordings provide a safe, easy

and non-invasive method that allows objective quantification of the energy of the



muscle (Konrad, 2005). SEMG recordings from human skeletal muscle offer a simple
and reliable educational tool to the medical practitioners and researchers to analyze
the behavior of muscles for a particular action. It is not necessary to penetrate the
skin and record from single motor units to obtain useful and meaningful information
regarding muscles (Cram and Kasman, 2005). SEMG is closely related to muscles
contraction and is an indicator of the associated actions. For an amputee, SEMG of
the residual muscles becomes an obvious choice for natural control of the prosthetic
hand (Dinesh et al., 2013). Researchers have reported success in the use of single and
multiple channels SEMG recording for controlling the prosthetic hand (Tenore et al.,
2009). Fig 1.10 shows the SEMG set up to be used for the muscle analysis for

shoulder and knee joint.

Fig. 1.10 SEMG Machine Setup

Results generated by SEMG should be easily accessible so that the exact functioning
of the muscles can be known. The output of SEMG is a graph obtained by taking the
time on abscissa (or number of motor unit firing turns) and amplitude on the ordinate.
Normally the time is in microseconds and the amplitude is in millivolts. This graph

interprets the contraction behavior of the muscle during the exercise.

1.5 CONTINUOUS PASSIVE MOTION (CPM) MACHINE

CPM machine is widely used as a part of rehabilitation following the knee and

shoulder surgery. There is evidence that its use following the post operation can lead
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to a reduction in hospital observation, analgesic requirements and an increase in early
range of motion. After extensive joint surgery, attempts to move the joints cause pain
and as a result, the patient is unable to move the joint. Due to this the tissue around
the joint becomes stiff and scar tissue is formed resulting in limited Range of Motion
(ROM) and often may take months of physical therapy to recover that motion. Passive
range of motion means that the joint is moved without the patient’s muscular power
being used. Due to use of CPM machine joint receives nutrition, venous flow
increases and deterioration of cartilage is prevented. In addition, pain is decreased,
range of motion is maintained and recovery is accelerated. Fig.1.11 shows a knee
CPM'™ machine for knee post-operative exercise for flexion and extension (London et
al., 1999).
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Fig. 1.11 Knee CPM"® Machine

In India knee and shoulder related problems compared to other joint problems are
severe and more in number. Continuous passive motion started immediately after
surgery seemed to be an effective method both for allowing complete and quick
recovery of the range of motion of the ankle and for reducing the risk of early
degenerative joint disease (Pasquale et al., 2009). The use of continuous passive
motion in the rehabilitation of patients following knee surgery is limited in most
countries by the initial cost of the machines (London et al., 1999, Yili et al., 2005,
Farhad et al., 2009, Bradley et al., 2009).
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1.6 ORGANISATION OF THE THESIS

The current research work is presented systematically in different chapters as follows.

The thesis consists of six chapters.

First Chapter starts with an introduction to the problem considered in the present
study. Shoulder and knee joint anatomy along with its bones and muscles are
explained in brief. The use of CPM machine and its importance in the present
rehabilitation process is explained. The wire and surface electrode EMG technique
and its use in muscle behavior analysis is modern physiotherapy centers is elaborated.

The Second Chapter contains a detailed literature review of the shoulder and knee
muscle analysis using FEM and SEMG analysis. The literature review of the knee and
shoulder CPM machine for post-operative treatment is also explained in brief. The
gaps identified through the literature survey provided the scope for the present
research. The problem definition, aims and objectives of the present thesis have been

set.

The Third Chapter contains 3D model generation of the shoulder and knee joint by
using CATIA software. The 3D shoulder and knee models generation from scanning
of the bones in ATOS Ill scanner to its post-processing in the ANSYS APDL is
elucidated. The Von Mises stresses and equivalent elastic strain behavior of the
shoulder and knee joints by applying the material properties, the loading conditions,
defining elements type and size to the 3D FEM model is explained in detail. Design
and development of the shoulder and knee joint CPM machine is explained in detail.
The procedure for conducting different post-operative exercises on the developed
CPM machine to regain original range of motion is explained in brief. The use of
surface electromyography (SEMG) method to analyze the muscle contraction during
abduction and flexion exercise on the developed CPM machine is elaborated in brief.

The Fourth Chapter contains the detailed analysis of shoulder muscle during
abduction arm movement by using FEM as well as SEMG analysis. The plots of the
Von Mises stresses and the equivalent elastic strain (mm/mm) are explained in brief
along with the sensitivity analysis of shoulder joint muscles. The results of SEMG
analysis of the shoulder muscles are tabulated and plotted. The discussion about the

shoulder FEM analysis and the SEMG results are also briefed. The comparison of the
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results of 3D FEM models by SEMG tests and with the trends of previous work is

elaborated in detail.

The Fifth Chapter contains the detailed analysis of knee muscle during flexion
exercise using FEM and SEMG analysis. The plots of the Von Mises stresses are
explained in brief. The results of SEMG analysis of the knee muscles are tabulated
and plotted to understand the rectus femoris and biceps femoris muscles behavior
during the flexion leg movement. The discussion about the knee FEM analysis and the
SEMG results are also briefed. The comparison of the results of 3D FEM models by
SEMG tests and with the trends of previous work is elaborated in detail.

The Sixth Chapter presents objective conclusions made from the present study. The

scope for the future work is also stated in this chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 PREAMBLE

Human joint muscle behavior is one of the most critical investigations for the
orthopedic surgeons, biomechanical engineers and the researchers. The study of
muscle behavior has been done by various methods such as SEMG technique, force
analysis by biomechanics and the latest one carried out through FEM technique.

This chapter includes the literature on the analysis of the shoulder and knee joint
muscles to identify the muscle stresses by the FEM and SEMG analysis, the
development of CPM machine applied to Biomedical Engineering study and use of
CPM machine after post-operative treatment. The research gaps are identified and
mentioned in this chapter. Based on the research gaps made in the literature survey,
the problem of the current research work has been defined and detailed objectives are
identified.

2.2 HUMAN JOINTS AND MUSCLE ANALYSIS BY 3D FEM MODEL

Though a lot of work on the shoulder joint stress analysis and its behavior is in
progress for the last three decade, but actual stress developed in the shoulder joints
and muscles is a big concern for the orthopedic surgeons. Dul (1988) has developed a
two-dimensional biomechanical model of the shoulder joint to quantify shoulder
muscle load and joint load during elevation arm movement. The maximum retention
time of muscle endurance during arm elevation was also estimated. This was the first
attempt by any researcher to work on the shoulder muscle behavior of the human
joint. The model was used to analyze the maximum force generated at the workplace
in the Glenohumeral joint, deltoid and supraspinatus muscles during upper arm
elevation. The input variable to the model was the elevation angle between the upper

arm and a vertical line. The supraspinatus and deltoid muscle forces were expressed in
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percentage of their maximum force. As the shoulder arm angle increases from zero to
maximum the muscle force escalates and at 80° of the arm elevation, deltoid and
supraspinatus muscles reaches to the maximum effort of 22% and 25% respectively.
These trends are used for the comparison of the present FEM model.

Liu et al. (1997) analysed the role of different shoulder rotor cuff muscles and deltoid
muscle during the elevation and the moment of the arm was measured. It was
observed that anterior deltoid and middle deltoid are responsible for the abduction
arm moment during full range of motion. The posterior deltoid has internal and
external rotation moment for the full range of motion. Lacroix et al. (1997) observed
stress distribution along the glenoid surface by developing a 3D model. The analysis
was done in two different sets of abduction angles: 60° and 90°; high and low
conformity and constrains. Lee et al. (1998) has developed a 2D FEM knee model for
the trans-femoral amputees to estimate the stresses in the muscles. The maximum

stresses recorded were 27.4 KPa at the medial side of the adductor Magnus.

Lacroix et al. (2000) has developed a three dimensional model of the scapula using
computed tomography (CT) data for geometry and material property definition. The
scapula model was keeled and inserted into glenoid surrounded by a 1mm layer of
bone cement to determine the stresses in the cement layer and surrounding bones for
glenoid replacement components. Douglas et al. (2000) studied both extramedullary
and intramedullary humeral morphology by using CT data and three-dimensional
computer modeling. Garner et al. (2001) developed the mathematical model of the
upper limb from the visible human male. CT images were used to construct high
resolution images of the muscles and bones. Murphy et al. (2001) used a computer
based glenohumeral joint FEM model for the dynamic loading up to 180° in flexion
and abduction exercise. FEM analysis was done for normal and the rheumatoid
arthritis cases to determine the muscular forces in flexion and abduction. It was
observed that the cement mantle in the offset-keel was much less stressed than the
Glenohumeral joint.

Biichler et al. (2002) developed a shoulder FEM model to compare the biomechanics
of normal and osteoarthritic shoulder. The soft tissues on the shoulder bones were

modeled by considering the shoulder stability aspect. 3D computed tomography was
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used to generate the shoulder bone geometry and then the rotator cuff muscles were
added to the shoulder model. It was observed that the VVon Mises stress distribution at
posterior part of glenoid region in normal shoulder was less as compared with the
osteoarthritic shoulder. Tammy et al. (2002) developed a 3D model for the knee joint
which was used to identify the variables in the selection of meniscal replacement.
FEM analysis was one of the good tools to analyze the solid contact behavior of the
knee joint. The knee joint model was comprised of the femur, tibia, femoral condyles
and tibial plateau. CT images were generated and then exported for FEM analysis.
During FEM analysis three different mesh sizes 1mm, 2mm and 5mm were used. The
study reveals that contact behaviour of the knee joint is sensitive to rotational

constraints placed on the joint.

Eriko et al. (2004) proposed a 3D FEM model to analyze the bone loss around the
implants bones. Nine bone models were created, axial and buccolingual forces were
applied independently to this super structured model. The study revealed that bone
stresses were higher in vertical resorption whereas the cortical bone was much less
stressed. Gupta et al. (2004) has developed a 3D FEM model of the scapula by using
CT scan data. Their study revealed that the maximum principal stresses generated in
the cement mantle were below its failure strength. Gupta and Helm (2004) studied the
stress distribution pattern of the scapula during abduction arm movement. 3D FEM
model of the scapula with shell solid modelling approach was used to find out the
musculoskeletal shoulder force of the muscles, ligaments and joints. Force analysis of
a biomechanical musculoskeletal model of the upper extremity was done during 15°
of the shoulder arm rotation. The model estimated the muscle forces and joint

moments for the given pattern of muscle activations.

Blemker et al. (2005) developed a 3D finite element knee and shoulder models for
analyzing the behavior of complex muscle. The limitations of the muscle geometry
using series of line segment model were overawed by this model. The model
accurately predicted the muscle geometry changes till 55° of hip flexion range of
motion as compared to magnetic resonance images. Jeffrey et al. (2005) described the
strategies for 3D FEM modelling of knee ligaments mechanics with a whole joint

model and individual ligaments. The authors proposed that sensitivity studies should

16



be performed for both experimentally measured and assumed model inputs. These
results will directly imply the importance of one of the inputs than the others in the
analysis. Maurel et al. (2005) developed a 3D finite element model of scapula to
understand the loosening phenomenon around glenoid prostheses by using CT scans.

The results were validated with the vitro experiments carried out on the scapula.

Pena et al. (2006) developed a 3D FEM model of knee joint to investigate the
maximum principal stress on the knee muscle under anterior and posterior load
conditions. Under rotary load condition the role of ligament and menisci in the
stability of the knee joint were also investigated. Blemker et al. (2006) has developed
a 3D FEM model of rectus femoris and vastus muscle by using magnetic resonance
(MR) images. By using lumped-parameter models and FEM models the fibre
excursions were compared. The rectus femoris complex architecture was studied in
detail. Mohsen et al. (2007) developed a 3D FEM model of the human buttocks to
compute the Von Mises stresses during sitting posture. The Von Mises stresses
developed were in the range of 55 to 65 KPa. Ellis et al. (2007) has developed a 3D
FEM model of the inferior glenohumeral ligament complex (IGHL) to determine the
optimal mesh density for the FEM analysis. Simple translation test was done in the
frontal direction on a cadaveric shoulder for 60°abduction. The geometries of the
relevant structures for FEM model was created by extracting the volumetric CT data.
The sensitivity study was conducted for the subject-specific modeling of the IGHL

mechanics.

Astier et al. (2007) developed a 3D shoulder model to study the biomechanics of the
shoulder in different configurations. The CT scan database was used to construct a 3D
shoulder bone and Hypermesh software was used for the analysis. Thollon et al.
(2008) developed a FEM model of the upper extremity in order to study the
biomechanics of the shoulder in different configurations such as dynamic loading
cases and joint rehabilitation. Model was used to investigate intramedullary nailing
capabilities, to understand nail interactions and capabilities to ensure proper bone
rehabilitation process. The simulation demonstrated local damage effect at bone nail
interface which can induce complications and was observed clinically during

rehabilitation process. Jiang et al. (2008) developed a finite element model to study
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the sensitivities of tibio-menisco-femoral joint contact behavior in the knee
kinematics. Magnetic resonance images were captured to obtain the kinematics of
tibia and femur. Then the kinematic boundary conditions were applied in FEM and
the results were verified by comparing the model-predicted reaction force during MR

image based experiment.

Iwamoto et al. (2009) developed 3D FEM model to find out the performance of
shoulder muscles in the pre-impact injury. Two series of experimental tests were
conducted to validate the results. The study revealed that muscle activity in pre-
impact injury had significant effects on the motion and stress distribution of the arm
bones. Melisa et al. (2010) has worked on a shoulder muscoskeletal model associated
with manual wheel chair activity of living subjects. Optimization technique was used
to estimate the joint contact forces associated with the joint muscles. Level
propulsion, ramp propulsion, and a weight relief lift conditions were the inputs used
to measure the upper extremity kinematics. Validation of the model was done by a
mean absolute error calculation. Though the level propulsion was identified but the
observations were not conclusive with the frequency consideration in the propulsion.
Kluess (2010) has showed that the FEM method is the most preferred method for the
stress and strain analysis of the bones, joints and muscles. The load bearing implants
in the orthopedic field with a real time model was used to analyze the stress in the
different human bones.

Gulshan et al. (2010) proposed a 3D FEM model of the glenoid to demonstrate the
capability of the glenoid bone remodeling produced by changing prosthesis design
features. The twelve FEM prosthesis models were individually combined to simulate
the surgical implantation with the glenoid models. The initial results demonstrated the
capability and potential of adaptive glenoid bone remodeling simulation. Magnus et
al. (2010) proposed the methodology for creating a FEM model of wrist joint which is
one of the most complex composite articulations joint in the human anatomy. Marko
et al. (2011) presented and compared the application of two modeling techniques for
creating a geometrical model of the human tibia. The study revealed that the
application of this method can be extended to other bones in the human body.

Vitkovi¢ et al. (2012) proposed different methods for creating human bone and
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fixators by geometrical models by the reverse engineering technique. These CAD

models were used in a web application for the preoperative planning.

Dew et al. (2012) has measured the rectus femoris muscle thickness of thirteen youth
by celebral plasy (CP). The average thickness of the muscle was in the range of 11mm
to 28 mm. Alexandre et al. (2012) developed a FEM model of a prosthetic shoulder
consisting of three bones and rotor cuff muscles. Shoulder joint muscle thickness
(2mm, 4mm, and 6mm) conformity test was carried by gradually crushing the glenoid
surface. The different stress values such as cement stress, contact pressure and shear
stress were found by abducting the shoulder joint. It was observed that the optimum
thickness to avoid stress concentration and joint stuffing was 4mm. Daniel et al.
(2012) studied the effect of mechanical loading during the post-operative changes in
the shoulder joint bones. 3D finite element models of a scapula with and without
cement less glenoid component were created and strain energy density for different
loading conditions was evaluated. The study revealed that irrespective of the interface
condition, the local bone resorption was the maximum in some regions along the

bone—implant interface.

Ingrassia et al. (2013) used a FEM Knee model to analyze the stress and contact
pressure peaks between femoral and tibial plates. The model was developed by 3D
laser scanning, CAD modeling and then exporting it to FEM environment for knee
joint analysis. The polyethylene (PE) component was inserted between the femoral
and tibial plates during the analysis. Chandreshwar et al. (2013) developed a statistical
shape and alignment modeling (SSAM) approach to characterize the intersubject
variability in the knee joint. This study used the relative position of the knee
structures through a loaded simulator activity to find the relationship between the

variation in shape and relative alignment of the knee joint.

Ashutosh et al. (2014) has developed a 3D Knee joint model to analyze the Von Mises
stresses at the different load conditions and weights. Scanning of the knee bones were
done to get the correct dimensions and profile of the bones. The 3D model was
generated in Pro-Engineer Wildfire 4.0 modelling software. The FEM analysis was
done in ANSY'S software to get the Von Mises stresses at different loads. Adouni et

al. (2013) computed lower extremity muscle forces and knee joint stresses-strains by
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using a knee joint FEM model. The knee model was constructed from the CT images
of three bones (femur, tibia, and patella) and the soft tissue bounding to these bones.
The results of the model driven by gait data were compared with the data on the

normal controls.

Webb et al. (2014) has developed a 3D shoulder joint model to examine the functions
of the deltoid and rotor cuff muscles during abduction, internal and external rotation.
The abduction fibre moment arms by using three-line segment approximation of
deltoid predicted that the anterior and posterior deltoid have moment arms that vary
greatly with abduction angle compared to other muscles. The results revealed from
this work are used for comparing the results of the present 3D FEM model. Deltoid
abduction moment arms range from 2.5 cm abduction to 1.2 cm adduction. The study
revealed that Sensitivity Analysis should be carried out for 3D FEM model muscles to
identify the most important muscle for the shoulder arm movement. Lukas et al.
(2014) developed a FEM model for hinges PROSPON oncological knee
endopprosthesis. The CT scanned knee bones were imported into a CAD model and
then FEM analysis of the knee joint during the flexion leg movement was done.

Schmidutz et al. (2014) studied the two different cementless surface replacement
arthroplasty (CSRA) fixation designs were studied 3D FEA as well as the evaluation
of contact radiographs from human CSRA retrievals. The FEA model with a reduced
bone stock quality was included in the CSRA. Compressive strains were evaluated
before and after virtual CSRA implantation. Alexandre et al. (2014) developed a 3D
FEM model of total ankle replacement associated with the clinical problems. The
results were validated with the experimental setup on eight cadaveric tibias. The
maximum strains were observed in the anterior and posterior of the implant keel. Zach
et al. (2015) created a 3D CAD knee joint model on the basis of Visible Human
Project CT scans to analyze the stress state and contact pressures performed in the
knee bending position. The results showed that the maximum stress did not exceed the
yield strength (90 MPa) of the material.

2.3 SHOULDER AND KNEE CPM

Von Riemke in 1926 stated that, after the surgery all the joints should be moved from

the first day. The movement should be very slow and as much as possible it should be
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continuous. Based on a series of investigation, Robert Salter in 1960, experimented on
a rabbit knee joint under continuous compression, and invented the concept of the
CPM. This knowledge was based on the gate-control theory of pain by Melzack and
Wall, which states that with competing afferent sensory stimulation, painful stimuli
would be inhibited. The CPM concepts were tested on the subjects since 1978 and
were proven to be feasible. Salter hypothesized that CPM would accelerate the
healing of articular cartilage and particularly structures, such as the joint capsule,
ligaments and tendons (Shawn et al., 2000).

London et al. (1999) developed a new low cost and portable CPM Machine (CPM"™)
for the knee joint. Thirty nine subjects were tested on the developed CPM"™ machine
to get early ROM and reduced hospital stay. Their study showed that use of CPM"™
machines is limited in the rehabilitation centres due to the cost of the equipment and
concluded that their low cost CPM"™ machine compares well with the other existing
machines. The significant reduction in cost has forced the large number of
rehabilitation centres to use the CPM machine for the cost effective treatment. Shawn
et al. (2000) proposed that the CPM should be started immediately after the post-
operative treatment. This reduces the scar tissue formation around the joint, due to its
immobility after surgery or the injuries. The soft tissue in the human joint should be
subjected to tension immediately following the surgery. Their study showed that
initial or delayed accumulation of periarticular interstitial fluids should be the focus of

the next research and CPM is the key option to reduce this.

Yili et al. (2005) developed a biometric mechanism for human fingers and a finger
CPM machine. Moving scope of fingers, finger's force and speed were precisely
controlled by using the developed mechanism and the machine. Toby et al. (2007)
commented on the use of CPM machine after post-operative treatment by reviewing
the 505 papers from different journals. The authors concluded that it was unclear that
the use or non-use of CPM post-operative treatment has any benefits. There were
numerous methodological weaknesses within the evidence-base study. Shota et al.
(2008) developed the CPM device that has two degrees of freedom with the inner /

outer rotation and the adduction /abduction. By keeping fixed adduction / abduction
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angle, the variation in the inner/outer rotation torque was analyzed on the shoulder
CPM.

Pasquale et al. (2009) studied the effect of immediate use of the CPM machine for the
surgically treated bimalleolar and trimalleolar fractures. Study was conducted on the
two series of twenty two subjects each with different ankle fracture treated surgically.
The first series of the subjects were applied immediately on a CPM machine after the
surgery for three weeks and the other series were casted with plaster for three weeks.
They were evaluated clinically and radio-graphically using the Ankle Hind foot Score
System. Their findings were the CPM applied immediately after surgery seemed to be
an effective method both for allowing complete and quick recovery of the range of
motion of the ankle and for reducing the risk of early degenerative joint disease.
Farhad et al. (2009) developed a new and innovative Glenohumeral test rig for the
shoulder exercises and shoulder injury prevention, replacement and repair. This study
was undertaken to evaluate the forces acting on the glenoid by different ROM of
shoulder abduction. The Ranking and weighing table was used for the selection of the
curved track turning method and for selection of the mounting module.

Onderko et al. (2013) claimed that CPM has its potential benefits for the post-
operative treatment in the articular fracture management. Human studies had shown
the improved rate of hemarthrosis clearance with CPM compared with
immobilization. Basic science studies showed that the early postoperative care of
articular fractures treated with open reduction and internal fixation, a natural

extension, would be beneficial by the use of CPM.

Yoon and Choi (2014) developed a CPM machine for the upper part extremity by
using pneumatic air. The author stated that the use of motor driven CPM machine had
a forceful (ROM) exercise without sensing the patient’s compliance. Wrist and finger
CPM was developed by using multi air bag system with costly solenoid operated
valve. The bi-directional feedback system between the patient and the machine was
used for safe ROM and pressure on the joint. The cost of the developed CPM therapy

compared to conventional CPM is very high.
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2.4 MUSCLE ANALYSIS BY SEMG

Henk et al. (1997) used surface and wire electrode EMG to analyze the static force in
the fourteen shoulder muscles during the arm movement. EMG was used for
analyzing the maximal force direction in the muscle. It was observed that for every
shoulder joint, the force direction was unique and dependent on the structure of the
muscle. David et al. (2000) identified the activation patterns of several muscles acting
on the shoulder joint during isokinetic internal and external rotation. EMG activity of
the rotator cuff, biceps, deltoid and pectoralis major was carried for internal and
external rotations. The rotator cuff and biceps muscles were active during these two
exercises and were case sensitive. SEMG was preferred over the wired EMG method.
Liu et al. (2001) studied the behavior of the deltoid and trapezius muscles by using
SEMG under the influence of precision task. The muscle tension and fatigue were
reflected by Root Mean Square (RMS) amplitude and changes in the median power
frequency. The hand activity was not influenced by the deltoid muscle but it was
influenced by the descending part of the trapezius muscle. EMG measurements were
performed during isometric muscle contractions. The tests were conducted on ten
young, right-hand dominant men aged 20-29, in the sitting position on the same upper
limb and spine location. Two parameters of the EMG signal were analyzed: the
normalized integrated EMG amplitude and the fatigue index.

Carel et al. (2004) assessed the reliability of force direction dependent EMG
parameters in shoulder muscles for future clinical research. The isometric external
loading performance on the rotor cuff muscles were measured by SEMG. Shoulder
muscle coordination of patients before and after interventions like surgery or physical
therapy was evaluated. Dark et al. (2007) compared the rotor cuff muscle pattern with
the other shoulder muscles by SEMG technique during the side arm exercise. Fifteen
subjects were tested by SEMG to analyses the muscle activities in supraspinatus,
infraspinatus, subscapularies, latissimus dorsi, pectoralis major, and posterior deltoid
muscles during the arm rotation with the pulley system. The muscle activity was
increased systematically in all the muscle during the internal and external rotation
exercise. Christopher et al. (2008) evaluated three methods for predicting shoulder
muscle forces during shoulder arm movement by SEMG. He compared the results
with the calculated muscle force. The three methods used to determine the muscle
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parameters were the traditional multiple linear regression, principal-components
regression, and a sequential muscle parameter determination process using principal-
components regression. The study revealed that no method was superior with respect
to all evaluation criteria.

Jaspal et al. (2008) compared the myoelectric amplitude of shoulder muscles during
push-up exercise on labile and stable surface. SEMG was recorded on thirty healthy
male subjects on the triceps, pectoralis major, serratus anterior and upper trapezius
muscles during the push-up exercises. Significant increase in muscle activity was
observed in pectoralis major and triceps muscles compared to serratus anterior and
upper trapezius muscles. Laura et al. (2009) studied the co-activation of forearm
extensor and flexor muscle by SEMG during the taping of different keys on the
keyboard. Two channel SEMG was used on thirteen subjects to monitor fore arm
muscle activation. It was concluded that the make-force level over 0.59N were
ergonomically inadequate.

Venkatesh et al. (2009) studied the muscle activity of aerobic cyclist on the biceps
brachii medial, trapezius medial, latissimus dorsi medial, and erector spinae muscles
bilaterally during 30 minutes of cycling. Statistical tests were performed to determine
the difference in fatigue by mean power frequency difference method. High fatigue in
the back muscles in the low back pain (LBP) group was not found and the data
showed the possibility of worsening in their condition due to 30 minutes of cycling.
William et al. (2010) investigated the force generation capabilities and muscle
contraction responses to a simulated hand scaling subtask by SEMG. Surface
electrodes were placed on the deltoid and erectores spinae muscles of the shoulder
joint. The maximum muscle force generated was on the right deltoid muscle.
Amirreza et al. (2011) developed a model for the estimation of isometric joint torque
using SEMG signals. It would assist the researchers for identifying the most
appropriate model for a specific biomedical application. Torque sensor was used on
eleven healthy subjects, as each subject flexed and extended his wrist. SEMG data
were gathered for wrist muscles along with the torque data. The muscle and torque
behaviour for the given ROM was studied.

Zwaan et al. (2012) used electromyography profiles during gait represent muscle
coordination for assessing selective motor control (SMC) of the celebral palsy
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functioning. The extensor synergy and thigh synergy were measured by the EMG
profiles during gait analysis. The results supported the sensitive nature of EMG to
represent an aberrant motor control in cerebral palsy. Dale et al. (2013) studied the
muscle activity at the bowing shoulder of a cellist by SEMG during cello playing.
SEMG and fine-wire was used in combination to evaluate muscle load placed on the
right shoulder of a professional cellist whilst playing a set of various bowing
exercises. It was observed that the supraspinatus muscle in particular maintained
higher mean contraction (20% MVC) during all bowing patterns testing.

Dinesh et al. (2013) established a method to identify the finger flexion by using a
single channel surface electromyogram (SEMG) recorded from the forearm. The
study showed that single channel SEMG provides a suitable basis for identifying
finger flexion by volume conduction properties based SEMG analysis. Yoshinari et al.
(2013) compared the EMG recorded on the shoulder joint muscles in the same
position for different arm movement directions. For recording EMG signals wire
electrodes were used for the supraspinatus muscle and surface electrodes were used
for the infraspinatus, anterior deltoid, middle deltoid, and posterior deltoid muscles.
The supraspinatus muscle showed the higher EMG activities during the elevation arm
movement from 0° to 90° of ROM and showed lesser activity during abduction arm

movement.

2.5 RESEARCH GAPS

The following concluding remarks are made from the above review of literature and

the research gaps are mentioned below.

1) Although a large number of research has been reported on the FEM analysis for
human joints only a few concentrated on FEM analysis of the shoulder and knee
joints. The major focus in shoulder analysis was to analyze the maximum force
and stress in the clavicle bone during abduction arm movement. Very few
researchers have reported on the muscle analysis during the human joint
movement especially in the shoulder joint for abduction arm movement and knee
joint for flexion leg movement. Stress analysis of the shoulder and knee joint

muscles has not been attempted by previous researchers.
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2)

3)

4)

Sensitivity analysis of the shoulder joint muscles is not carried out by the
previous researchers to predict the most stress-sensitive muscle during abduction
arm post-operative treatment, so that an orthopedic surgeon can concentrate more

on the sensitive muscle during rehabilitation procedure.

Even though large numbers of researchers have reported on use of CPM machine
for the human rehabilitation only a few concentrated on the low cost CPM
treatment. So it becomes necessary to work in this area for the cost effective
human joint treatment and also large number of rehabilitation center can use the

low cost CPM therapy.

Although large number of research has been reported on the SEMG analysis for
human joint muscles but only few concentrated on SEMG analysis for shoulder
and knee muscle joints. So it becomes necessary to undertake further research
work in these areas. This is the first time that the shoulder and knee muscle
analysis is carried out on the post-operative patients to predict the most sensitive

muscle during abduction arm movement and flexion knee movement.

2.6 AIMS AND OBJECTIVES

Based on the above literature survey and research gaps identified, the Research

Problem has been defined as below.

“Analysis of Shoulder and Knee Joint Muscle Stresses by using FEM and SEMG on

the Developed CPM Machine” during abduction arm movement and flexion leg

movement.

In order to address the issues found in literature, following objectives are formulated

for the present work.

1)

2)

To analyze the behavior of the shoulder joint muscles during abduction arm
movement and knee joint muscles during flexion leg movement using the 3D
FEM model.

Sensitivity Analysis (SA) of the shoulder joint muscles for the Von Mises stresses
and equivalent elastic strain during abduction arm movement for the individual

and group muscles analysis.
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3) To design and develop a low cost Shoulder and Knee CPM machine for human
rehabilitation.

4) To analyze the muscle contraction (stress) in the shoulder joint during abduction
arm movement and the knee joint during flexion leg movement by SEMG on the
developed CPM machine.

5) Comparing the results of FEM analysis of the shoulder and knee muscle with the
SEMG test conducted on the developed CPM machines and also with the

previous work.

2.7 SCOPE OF WORK

In the present work an effort has been made to analyze the stresses developed in the
shoulder muscles during abduction arm movement for the full range of motion by
using the Finite Element Method (FEM) model. For shoulder muscle analysis deltoid
muscle and four rotor cuff muscles are considered. Out of twenty shoulder muscles
assembly, these five muscles play a vital role in stabilizing the shoulder ball socket
joint. In the mid ranges of motion the ligaments and capsule are slack, and muscles
provide the primary support for joint stability (Lee et al., 2000). Deltoid muscle is
involved in the analysis because it is one of the largest shoulder muscles. Deltoid

muscle has its origin on the scapula and inserts around the humerus head.

In the present work an effort has been made to analyse the stresses developed in
rectus femoris and biceps femoris knee joint muscles during flexion leg movement for

full range of motion by using 3D FEM model.

In the present study an attempt has been made to design and develop low cost
shoulder and knee CPM machines. The abduction arm movement and flexion leg
movement tests were conducted on the developed low cost CPM machines. The
developed CPM machine fulfills the basic functional requirements of the knee and

shoulder exercise under the observations of the orthopedic surgeon.

In the present study an attempt has been made to analyze the knee and shoulder joint
muscles contraction (stress) during different exercises using two nodes SEMG

machine. The major advantage of using SEMG is that there is minimal pain with
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application of surface electrodes and SEMG is very good for movement applications
compared to wired electrodes. They are more reproducible and easy to apply. In the
present study the SEMG analysis is done for the abduction arm movement and flexion
leg movements, where the shoulder and knee joints are rotated from 0° to 130°. One
of the major problems of using the needle electrode is needle insertion causes
discomfort and can increase tightness in the muscle and it is difficult to insert the
needle or fine wire in the same area of the muscle each time. There use is avoided in
the large movement applications. SEMG is a useful tool for investigating the timing
and activations of muscle, and is used to quantify the relative contributions of muscles
during the joint movement (Dark et al., 2007).

The von Misses stress results by FEM analysis are compared with the SEMG test
conducted on the developed CPM machines and also with the previous work (Dul,
1988; and Webb et al., 2014).

The present work will help researchers and orthopedicians for a better understanding
of the shoulder and knee joint mechanism and the most sensitive muscle during the
abduction arm movement and elevation leg movement at different ROM. The
orthopedic surgeons can take the corrective measures and focus their therapy to
accelerate the healing process of these muscles by using various medication or

physiotherapy techniques.
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CHAPTER 3

METHODS AND MATERIALS

3.1 METHODOLY OF THE PRESENT WORK

In this study a classical 3D FEM modelling technique has been used to study the
behaviour of shoulder joint muscles during abduction arm movement and knee joint
muscles during flexion leg movement for different ROM. The 3D FEM method is the
preferred method for the stress and strain analysis of bones, joints and load bearing
implants in the orthopedic field (Kluess, 2010). Musculoskeletal models of the
shoulder and knee joint have been used for many investigations in biomedical fields,
including muscle architectures and geometries, in osteoarthritis joints and in tibio-
femoral contact (Buchler et al., 2002, Tammy et al., 2002, Blemker et al. 2005, Webb
et al., 2014). In this study 3D models of the shoulder and knee joint bones are
constructed by (ATOS I1I) 3D scanner. The 3D model refinement is done before
exporting it into CATIA V5 software. The 3D shoulder and knee joint assembly has
been made in a predefined orientation; alignment and by maintaining proper gap
between the bones (Romanes, 2012). Shoulder and knee joint muscles are then added
in CATIA V5 software. A non-homogeneous constitutive law is used for bones as
well as nonlinear hyper elastic laws are used for rotor cuff muscles. Muscles are
considered as an active structure (Blemker.et al., 2005, Webb. et al., 2014). The
kinematics abduction for the shoulder joint and flexion for the knee joint are the
inputs given for the FEM analysis in ANSYS software. The 3D FEM analysis is done
for five different muscles in the shoulder joint and two muscles in the knee joint. The
individual and group muscles analysis is done for stress measurement during
abduction arm movement. The muscle behavior has been analyzed for abduction arm
movement form 0° to 80° in shoulder joint and for flexion leg movement from 0° to
90° in knee joint. The Von Mises stresses and equivalent elastic strains of the

shoulder and knee muscles are plotted.
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To compare the FEM results a low cost CPM machine is designed and developed. The
testing of the CPM machine is done on fifty shoulder and knee prone cases of
different age groups and genders. The SEMG is used for analyzing the shoulder and
knee muscles contraction during the exercise on the CPM machine. The SEMG
probes were mounted on the deltoid, supraspinatus, teres minor, subscapularies, and
infraspinatus muscles of the shoulder joint for abduction arm movement. Similarly the
SEMG probes were mounted on the rectus femoris and biceps femoris muscles of the
knee joint for flexion leg movement. The SEMG testing was done on the twelve
subjects of shoulder joint and eight subjects of knee joint on the developed CPM
machine. The output graphs of amplitudes in microvolts against the number of turns
are plotted (ROM in degrees). The stress sensitivity analysis of the shoulder and knee
muscles has been carried out. The 3D FEM modeling results have been compared

with the SEMG test results and with the previous work.

Fig.3.1 shows the methodology used for 3D FEM analysis of shoulder joint muscles.

Examine the shoulder joint bones scapula, clavicle and humerus for generating 3D model

\/

Exporting the scanned data to geomagic 3D scanning of the shoulder bones using
studio for thinning and meshing to generate [€—| ATOS Ill a non-contact 3D laser scanner

accurate model in .stl form

. \l/ . Shoulder joint Assembly
<stl” file is imported in CATIA V5 Design in CATIA workbench
software to generate a 3D shoulder bone

Importing the shoulder CATIA model in | Addition of five muscles on Shoulder
ANSYS workbench in .igs format joint

v

Adding material properties, defining loading [,

condition, meshing of the 3D model 0° to 80” as an input for FEM Analysis

Kinematic abduction arm movement from

v
v Vi

Group muscle Analysis Individual Muscle Analysis

v v

Plotting the graph of Von Mises stresses and
equivalent elastic strain of the shoulder joint muscles

Fig. 3.1 Methodology Used for 3D FEM Analysis of Shoulder Joint Muscles
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Fig.3.2 shows the methodology used for 3D FEM Analysis of knee joint muscles.

3D scanning of the knee bones using ATOS Il a non-contact 3D laser scanner

v

Exporting the scanned data to geomagic studio for thinning and meshing to generate
accurate model in .stl form

v

.stl file is imported in CATIA V5 software to generate a 3D knee bone model

v

Knee joint Assembly Design in CATIA workbench

v

Addition of two muscles on Knee joint Assembly

Importing the knee CATIA model in ANSY'S workbench in .igs format

|

Adding material properties, defining loading condition, meshing of the 3D model

v

Kinematic flexion leg movement from 10° to 90° as an input for FEM analysis

v

Plotting the graph of Von Mises stresses of knee joint muscles

Fig. 3.2 Methodology Used for FEM Analysis of Knee Joint Muscles

Fig.3.3 shows the methodology used for SEMG Analysis of shoulder and knee joint

muscles.

Design and Development of low cost CPM machines

\

Testina of the CPM machines bv 50 patients for shoulder and knee ioints exercise

v

Shoulder and Knee joint muscles test by two nodes SEMG on the developed CPM machines

v

Recording of the shoulder and knee muscles contraction (stress) in Microvolts

v

Plotting the graphs of SEMG of Amplitude Vs. degrees (ROM)

Fig. 3.3 Methodology Used for SEMG Analysis of Shoulder and Knee joint
Muscles
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3.2 3D MODELLING OF SHOULDER BONES

From the last decade, 3D model techniques are predominately used in different fields
such as automobile for component models, in the film industry for animations,
aviation industries for surface modelling and medical fields for different body parts
models. The science sector uses them for building virtual prototypes for the
experimentation work, while the architects use them for demonstrating plans of
buildings (Fausto et al., 2002). A 3D model describes an object as a set of points in
the 3D space and is joined by various geometric entities such as lines, triangles and
curved surfaces. Being a collection of data, 3D models can be created by hand,

algorithms or scanning.

The shoulder complex is the functional unit that results in the movement of the arm
with respect to trunk. It mainly consists of clavicle, scapula, humerus and different
muscles. Shoulder muscles are the complex fibrous structure surrounded by different
tissues and blood vanes (Carol, 2009). Accurate topology of all the shoulder bones
and muscles is a key to create a valid and accurate 3D shoulder model, which will be
useful for an orthopedic surgeon during pre-operative planning. Therefore, it is logical
to base the process of geometrical modeling of the shoulder joint on its anatomical

and morphological properties (Marko et al., 2011).
3.2.1 3D Scanning of Shoulder Bones

The precise measurement of the bone dimensions, its shape and contours with its
position and orientation plays an important role for the accurate prediction and
analysis of the human joint movements. A 3D scanner is a device that measures a
real-life object by collecting data on its profile to build three dimensional complicated
models. Modeling of bones in CATIA software without any background help is very
difficult and impractical. The irregular shape of the scapula, clavicle and humerus is
difficult to profile directly in CATIA software. The free form modeling option in
CATIA does not prove to be much useful, as the dimensions and bone contours vary
from person to person with different age groups. Moreover, the minute detailing
required during the modeling of ligaments, tendons and muscles is not easy using
surface modeling software like CATIA. Several attempts to capture these muscular

parts turned out to be a debacle. Thus, 3D scanning of the bones to obtain a point-
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cloud is finalized in the present work for the shoulder bone modeling (Marco et al.,

1998). 3D scanning set up of four shoulder joint muscle is shown in Fig. 3.4.

ATOS IIT
3D Scanner, ..

Monitor

S

Fig. 3.4 Scanning of Shoulder Joint Bones by ATOS Il

In the present work ATOS I1l a non-contact 3D laser scanner is used from Arun 3D
Labs, Pune, India. The proven two camera technology developed by GOM GMBH
was used and delivered four million data points in each measurement to ensure a very
dense and highly accurate 3D scanned model. The specifications of ATOS Il 3D

scanner and the scanning procedure are described in the Appendix I.

Reverse modeling is one of the fast and accurate methods to reproduce complicated
objects such as shoulder bones. Three shoulder bones scapula, humerus, and clavicle
images with the required accuracy and detailed contours were created by using the 3D
scanner. The scanned object was then imported into geomagic studio and all points

outside the relief area were deleted and various scans were merged into a single data.

Fig. 3.5 shows the different stages through which the scanned 3D scapula model is
created. Thinning of the object was done to reduce the total number of points by
deleting surplus points in repeatedly scanned areas. At the same time, the total
number of points has to be reduced below four million points which is a critical value
for some of the following procedures, especially the reunion procedure following the

hole filling (‘Merge Polygon Objects’).
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(a) Scanning Image of Scapula  (b) Thinning and Shape Cleaning of Scapula

2| OIS

(c) c.stl’ File of Scapula

Fig. 3.5 3D Scanning Procedure to Generate Scapula Bone

Fine meshing of scapula was done by generating eight million triangles to get precise
contours and topology. To generate an accurate and detailed model shape-cleaning
algorithm was used. Finally “.stl’ file of scapula was generated by the ATOS I1l 3D

scanner.
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(a) Scanning Image of Humerus (b) .stlI” Model of Humerus
Fig. 3.6 3D Scanning Procedure to Generate Humerus Bone

The “.stl’ files generation of humerus and clavicle is shown in Fig. 3.6 and Fig. 3.7.
Similar procedure was followed to generate ‘.stl’ file of the humerus and clavicle
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bones. A combination of 3D scanning and digital software was used to scan the
complicated objects surface and construct an object with sharpened edges such as

humerus, clavicle and scapula.

(a) Scanning Image of Clavicle (b) .stl Model of Clavicle
Fig. 3.7 3D Scanning Procedure to Generate Clavicle Bone

3.2.2 3D CAD Modeling of Shoulder Bones

The .stl file was imported in CATIA V5 software to generate a 3D shoulder bone
model. Importing the raw data into the CAD system resulted into generation of one or

more cloud points (discrete points of the bone, which are scanned by ATOS IlI

scanner).
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(@) Frontview (b) Side view
Fig. 3.8 Points and Spline Curves on the Humerus Bone

Fig. 3.8 shows the higher order features added to the Humerus bone. The raw point
cloud data, acquired from the 3D body scanner, contained a great deal of noise and

redundancy and thus required processing in CATIA V5 (Daniel et al., 2011). In the
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next phases of reverse modeling, the geometrical features of higher order (curves and
surfaces) were modeled. The overlapping and gap in polynomial model was removed
by inserting a large number of triangular planar surfaces in between the cloud points
and the minor corrections in the shoulder bone models were also done. By using
spline curve, a 3D solid model of the shoulder bones was generated (Marko et al.,

2011). Fig. 3.9 shows the scapula by adding points and spline curves in the gaps.

Fig 3.9 Points and Spline Curves on the Scapula

The shoulder bones; clavicle, scapula and humerus were modeled with the intricate
details, surface unevenness and with actual contours. The final 3D shoulder bones
were ready for assembly after reducing a great deal of noise and redundancy.

Fig.3.10 shows final refinement of the shoulder bones before assembly.

(a) Scapula Bone (b) Humerus Bone (c) Clavicle Bone
Fig. 3.10 Refinement of the Shoulder Bones in CATIA V5
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3.2.3 Assembly and Simulation of Shoulder Joints

The shoulder joint assembly of humerus, clavicle and scapula in pre-defined direction
and coordinates, was carried out in Assembly Design Workbench of CATIA V5
software. Fig. 3.11 depicts the shoulder joint assembly in CATIA V5.

The position, orientation, gap between shoulder joints and the axis locations, during
abduction arm movement of shoulder were precisely modeled in CAD interface (Van
der Helm, 1994). The shoulder can perform six different motions; adduction,
abduction, extension, flexion, internal (medial) and external (lateral) rotation. Table
3.1 shows the six shoulder joint assembly movements produced in three different

planes.
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Fig. 3.11 Shoulder Joint Bone Assembly in CATIA V5

Table 3.1 Types of Planes for Shoulder Joint Movement

Plane / Axis of Motion  Physiologic motion Accessory motion

Flexion Posterior - Inferior
SAGGITAL Extension Anterior - Superior
Abduction Inferior
CORONAL Adduction Superior
Internal rotation Longitudinal-Inferior
TRANSVERSE External rotation Longitudinal-Superior
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Each of these movements was restricted by ligaments and moved by the muscles of
the shoulder complex. The shoulder has the greatest range of motion amongst any
joint in the human body (Hamill and Kuntzen, 2003). The three dimensional view of
planes of the shoulder arm movement is shown in the Fig.3.12.

Saggital Plane
T 5 Coronal Plane

Fig. 3.12 Shoulder Joint Planes of Motion
3.2.4 Contact Constraints

For positioning, orientation and alignment of the three bones, the planes of kinematic
motion and the type of contact constraints between scapula and humerus were defined
in CATIA interface. The mechanism implying the rotational motion was given to the
humerus virtually sliding at surface of glenoid cavity. Fig. 3.13 shows the contact
constrains between the humerus and scapula and also the humerus position at 10°

during abduction arm movement.

Fig. 3.13 Defining Contact Constraints between Humerus, Clavicle and Scapula
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The abduction arm movement was given to shoulder which moves in the frontal

plane.
3.2.5  Addition of Muscles on Shoulder Joint

The shoulder model simulation was done to cross-check the interference between
humerus, scapula and clavicle bones before adding five muscles to it, during the
abduction arm movement from 0° to 130°. Different rotor cuff muscles, namely
infraspinatus, supraspinatus, subscapularies, teres minor and deltoid are added on to
the shoulder joint. The muscles are modeled as a deformable solid layer that was
positioned on the 3D shoulder bones. The initial surface locations of the muscles, its
position, and orientation on the shoulder bones were done precisely for developing the
correct 3D FEM model (Philippe et al., 2010).

1) Infraspinatus: The infraspinatus muscle emerges from the medial two-thirds of
the infraspinatus fossa, which includes the lower surface of the spine.

2) Supraspinatus: The supraspinatus emerges from the medial two-thirds of the
supraspinatus fossa, which includes the upper surface of the spine.

3) Deltoid: The deltoid emerges from the lower border of the crest of the spine and
from the lateral border of the acromion. The acromial fibers are multipennate.

4) Teres Minor: The teres minor emerges from the upper two thirds of the rough
strip on the dorsal surface along the lateral border.

5) Subscapularies: The subscapularies emerges from the medial two-thirds of the
subscapular fossa. (Romanes, 1986, Anitha, 2010, Webb et al., 2014).

(a) Deltoid Muscle (b) Subscapularies Muscle
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(c) Infraspinatus Muscle (d) Teres Minor Muscle

(>

Scapula
Infraspinatus i J Deltoid
| ’
i /i
Subscapularies 3 k

Teres Minor

(e) Supraspinatus Muscle (f) Shoulder Muscle Assembly
Fig. 3.14 Origin and Insertion Regions of the Shoulder Joint Muscles

Fig 3.14 shows the origin; insertion region and careful alignment of the five muscles
on humerus, scapula and clavicle bones of the shoulder joint (Blemker et al., 2005).
Total 58 surfaces were added in humerus to deltoid connection, 28 surfaces in scapula
to deltoid and 32 surfaces in clavicle to deltoid. A cup shaped contact between deltoid
to shoulder joints was modeled for maintaining the maximum contact in between

them.

3.3 FEM ANALYSIS OF SHOULDER JOINT

FEM analysis has significantly upgraded both the standard of engineering designs and
the methodology of the design process. The time taken for the engineering products to
develop from concept stage to the production line has been significantly reduced by
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the use of FEM tool. There are lots of benefits of FEA like improved design, better
accuracy and effective prototyping, well insight into critical design parameters, a
faster and less expensive design cycle, increased productivity, and increased revenue.
ANSYS workbench has robust collection of meshing algorithm and it can be easily

integrated with CAD packages for complex geometries.

In the present work FEA Modeling was done by importing the shoulder CATIA
model in ANSYS workbench in .igs format. The cleanup tool was used for the
corrections of missing data such as edges and corners. The model comprises three
major bones and different rotors cuff muscles teres minor, supraspinatus,
infraspinatus, subscapularies and the deltoid muscle. The main difficulty in FEA
modeling of shoulder assembly was to model it to the level where it should mimic the
exact motion of the complex shoulder joint. This was mainly dependent on contact
modeling of bones and muscles. Scapula and humerus bones were connected to four
rotor cuff muscles and the deltoid. This connection of bone to muscle adds
compliance to the pure kinematic motion between the bones, which will further
constrains the shoulder joint assembly motion to mimic the real time motion of the
shoulder joint. Defining contacts was not that obvious. Difficulties in contact
modeling were in its extremely discontinuous force profile which gives abrupt
changes in the force. Contact modeling was done in two steps; the contact interface
between two bodies was found and then the type of contact between them was
defined. Penalty method was used for calculation of contact force in this study. This
method allows small penetration, which is a function of its material stiffness. Bigger
the stiffness lower is the penetration; more is the abrupt change in the contact force.
Lesser stiffness increases the penetration which makes solution never to converge.
This is because with too much of penetration, solver applies huge penalty force. This
excessive penalty force pushes contact part out of the orbit. Then solver tries to
correct it by bisection (applied load is cut to half and tries again), this problem
continues with multiple bisections, which never converges, and also too much of
contact stiffness also leads to problems with convergence. Tackling this issue was a
tricky task, which requires some iterations as in the present case muscle is having
much lower stiffness than bones. For this, one has to ensure that two parts should

have initial contact, but that should not be excessive. This requires modification of
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contact interface, area and initial penetration many a times. The insertion region of the
five muscles on humerus, scapula and clavicle were cross checked before exporting it
in to the ANSYS APDL solver for the Von Mises stresses and the equivalent elastic

strain analysis.
3.3.1 Material Properties

The accuracy of the results obtained in any analysis depends upon its material
properties. The different laws and mechanical properties used in the present shoulder
model are depicted in table 3.2.

Table 3.2 Different Laws and Mechanical Properties Used in the Shoulder Model
(Masami, 2001, Astier et al., 2007, Alexandre et al., 2014)

Element Type of laws Poisson’s Ratio Young’s Modulus Density
MPa Kg/m?
Bone Linear Elastic ,non- 0.3 15000 1800
homogeneous
Muscles nonlinear hyper elastic 0.45 1.2 1000

laws, incompressible

3.3.2 Loading Conditions

The efficacy of the Glenohumeral joints model i.e. humerus, clavicle, scapula depends
on the positioning, orientation and maintaining proper gap amongst the three bones
during abduction arm movement (Van der Helm, 1994).

Fig 3.15 shows the abduction and adduction exercise of the shoulder joint. The axis of

rotation of humerus was tested against the interference with scapula and clavicle

during the abduction arm movement.
Abduction
/

&
' /
T Aduction
.

Fig. 3.15 Shoulder Adduction and Abduction Arm Movement
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A. Abduction of the arm. Lateral
rotation of the scapula is produced
by the upper (1) and lower (2)
fibres of trapezius, combined with
the lower fibres of serratus anterior
(3). Abduction at the shoulder
joint is produced by supraspinatus
(6) and deltoid (5). When deltoid
contracts, it tends to pull the
humerus upwards against the
acromion (9). This is prevented by
teres minor (4) which does not
inferfere with the abduction of the
humerus because it is attached to
the humerus on the axis of
abduction (7). 8 is the axis of
scapular rotation.

Fig. 3.16 Shoulder Model Efficacy for its Position, Orientation, Rotational
Movements and Direction of Pull during Abduction Arm Movement
Fig. 3.16 shows the direction of pull of the various muscles during abduction arm
movement. The shoulder bone orientation and alignment was done with utmost care
and each bones axis and gap between them was properly maintained (Romanes et al.,
1986). Fig. 3.17 shows the shoulder arm abduction simulation from 0° to 130° ROM.

X X 200.00 (rm)
[ Se——  S—

- - — S E— |
— . 06 500
b

{Print Preview), Report Preview/

Fig. 3.17 Shoulder Joint Abduction Arm Simulation from 0° to 130° ROM
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The analysis is done for the post-operative exercise (abduction) therefore no external
load is applied on the model; only self-weight of the arm acting on the joint between
humerus and scapula is considered in the analysis. Simulation of the cortical bone
humerus with respect to muscles, ligaments and two bones scapula and clavicle is
done.

3.3.3 Meshing of the 3D model

Meshing of the model was done after setting the material properties as mentioned in
the previous sections. Hexahedral (8 node) and tetrahedral (4 node) 3D solid elements
mesh was incorporated in the present model. The mesh requirement for the soft
biological tissue that undergoes a large deformation is quite different from the pure
mechanical heat transfer and fluid flow problems (Fleishmann et al., 1999). The
quality of the tetrahedral mesh has a profound influence on both the accuracy and
efficiency of these simulations. So, wherever required the mesh modifications are
done by using mapped meshing technique to keep the model within quality criteria.
After meshing the bones and muscles the number of nodes and elements generated are
depicted in the table 3.3.

Table 3.3 Summary of Number of Nodes and Elements Generated in Shoulder
Muscle Joint FEM Analysis

Muscle Nodes Elements
Deltoid 33676 23663
Infraspinatus 33167 23115
Subscapularies 33068 23051
Teres minor 32517 22527
Supraspinatus 33392 23363

In this study, iterative process to improve the results was used, until convergence is
reached. In the problems with identified exact solutions, evaluating convergence of an
FEA is quite forthright. On this ground, three mesh sizes were used, and model is
analyzed for von-Mises stresses convergence. To start with (course) economical mesh
size of 5 mm was used to mesh the model with mapped meshing. Then, element size
is reduced by 2mm and then by 1mm to see the rate of convergence up to least size of
1mm mesh. The meshed shoulder model with all muscles is depicted in Fig. 3.18.
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(a) Front End of the Model (b) Rear-End of the Model.

Fig. 3.18 Shoulder Joint Meshed Model with all Five Muscles
The solution is considered to be converged at 1mm mesh size. The percentage
variation between von-Mises stress was 8%. But this was not economical mesh size
as it took huge computation time. So, another trial with 3 mm mesh size was done and
convergence was checked. It gives an optimum combination of convergence with the
computation time. It has given the 15% variation with desired results with
considerable reduction in computation time. So, 3mm mesh size was used in the

present analysis.

First deltoid muscle analysis was done by freezing the other four muscles; the Von
Mises stresses and equivalent elastic strain were computed for full range of motion
during abduction arm movement. The initial position of the shoulder model for the
analysis was taken at vertical downward direction. Then the humerus along with the
deltoid muscle was rotated from 10° to 80° at the interval of 10°. The simulation was
done in eight steps in eight seconds and each second corresponds to 10° rotations, the
motion was chosen to be pure rotation. Five probes were added at five different
points in the muscle and the maximum Von Mises stresses and equivalent elastic
strain were considered as a final result and are tabulated in the next chapter.

Similarly individual muscle analysis was carried out by freezing the remaining four
muscles during the abduction arm movement. Finally the group muscle analysis of the
shoulder joint including all the five muscles (rotor cuff muscles and deltoid muscle),

was done during the abduction arm movement.
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3.4 3D MODELLING OF KNEE BONES

Knee is one of the most complex and maximum used joint in the human body.
Stability of the knee joint is a one of the critical aspect which is provided by the
muscles and ligaments. Knee joint muscles are the complex fibrous structure
surrounded by different tissues and blood vanes (Carol, 2009). Accurate topology of
all the knee bones and muscles is a key to create a valid and accurate 3D knee model,
which will be useful for the orthopedic surgeon during pre-operative planning.
Therefore, it is logical to base the process of geometrical modeling of the human

joints on its anatomical and morphological properties (Marko et al., 2011).
3.4.1 3D Scanning of Knee Bones

Similar procedure was adopted to generate a 3D knee joint model. The irregular shape
of the femur, tibia, fibula and patella hampers the feasibility of the modeled profile.
The free form option in CATIA V5 does not prove to be much useful, as the
dimensions and bone contour changed from person to person with different age
groups. Moreover, the minute detailing required during the modeling of ligaments,
tendons and muscles is not easy using surface modeling. Fig.3.19 shows the scanning

process of tibia knee bone by 3D scanner.

Fig. 3.19 3D Scanning of the Tibia by using ATOS 11l Scanner

Several attempts to capture these muscular parts in CATIA turned out to be a debacle.
Thus, 3D scanning of the bones to obtain a point-cloud is finalized for the knee bone
modeling (Marco et al., 1998).
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The knee joint bones femur (thigh bone), tibia (shin bone), fibula (calf bone) and
patella (kneecap) were scanned by 3D scanner. The scanned object then imported into
geomagic studio and all points outside the relief area were deleted and various scans
have been merged into single data. Thinning of the object was done to reduce the total
number of points by deleting surplus points in repeatedly scanned areas. To generate
an accurate and detailed model, shape-cleaning algorithm was used. Finally “.stl’ file
of scapula was generated. In the present work ATOS Il a non-contact 3D lasers
scanner was used from Arun 3D Labs, Pune, India. The specifications of ATOS IlI

3D scanner and the procedure are described in the Appendix I.
3.4.2 3D CAD Modeling of Knee Bones

The “.stl’ files were imported in CATIA V5 software to generate a 3D CAD model for
further analysis. Importing the raw data into the CAD system resulted in to generation
of one or more cloud of points in the bones (discrete points of the bone, which are
scanned by ATOS IlI scanner). The raw point cloud data, acquired from the 3D body
scanner, contained a great deal of noise and redundancy and thus required processing
in CATIA V5 (Daniel et al., 2011). Fig.3.20 shows the refined knee joint bones.

TSGR S BH05E
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(a) Femur (b) Tibia and Fibula (c) Patella

Fig. 3.20 Refinement of the Knee Joint Bones in CATIA V5

In the next phases of reverse modeling, the geometrical features of higher order
(curves and surfaces) were modeled. The overlapping and gap in polynomial model
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was removed by inserting a large number of triangular planar surfaces in between the
cloud points and corrections in the knee bones were done. By using spline curve 3D

solid model of the knee bones were generated (Marko et al., 2011).

The knee bones; the femur, tibia, fibula and patella were modeled with the intricacy,
surface unevenness and with basic contours. The final knee joint bones were ready for

the assembly after reducing a great deal of noise and redundancy.
3.4.3 Assembly and Simulation of Knee Joints

Assembly of femur, tibia, fibula and patella in pre-defined direction and coordinates,
was carried out in Assembly Design Workbench of CATIA V5 software. The
position, orientation, gap between knee joints and the axis locations, during flexion
leg movement of knee joint we precisely modeled in CAD interface (Van der Helm,
1994). Fig.3.21 shows the final knee joint assembly in CATIA.

The simple rotary motion was given to the knee model to perform flexion leg
movement in a single plane. The knee ligaments resist the motion along the single line
similar to rubber or rope. Positioning, orientation and alignment of the four bones
were precisely done by defining the planes of kinematic motion in CATIA user
interface and defining the type of contact constraints between femur, tibia, fibula and
patella.
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Fig. 3.21 Knee Joint Assembly in CATIA
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3.4.4 Addition of Muscles on Knee Joint

The knee model simulation was done to cross-check the interference between femur
tibia, fibula and patella bones before adding two muscles to it; during the flexion leg
movement from 0° to 120°. Fig 3.22 and Fig.3.23 shows the positions and orientations

of the knee joint muscles from front and side view.

Fig. 3.22 Front View of the Knee Joint with Rectus Femoris and Biceps Femoris

The muscles were modeled as a deformable solid layer, which is positioned on the 3D
knee bones. The initial surface locations of the muscles, its position, and orientation
on the knee bones were effectively done in developing the correct 3D knee model
(Philippe et al., 2010).

Fig. 3.23 Side View of the Knee Joint with Rectus Femoris and Biceps Femoris

1) Rectus Femoris: It is situated at the center of the thigh (on the patella); it is
cylindrically shaped at the center, its width narrows down at the ends and running
straight down to the deep Apo-neurosis.
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2) Biceps Femoris: It originates from the back side of the fibula and passes
obliquely downward and lateral across covering the posterior surface of the femur
bone to connect on the back end of the hip. It is twisted; cylindrical in shape at
the center and its width narrows down at the bones contact.

The origin, insertion region and careful alignment of the two muscles on femur, tibia,

fibula and patella were modeled in CATIA interface. Total 11 surfaces were added in

patella to rectus femoris connection, 9 surfaces in rectus femoris to the hip
connection, 7 surfaces in tibia to biceps femoris connection and 9 surfaces biceps
femoris to hip connection. The proper twist and gap was maintained between the knee

joints maintaining the maximum contact in between them.

3.5 FEM ANALYSIS OF KNEE JOINT

FEM analysis for the knee muscle is one of the most reliable methods to predict the
behaviour of displacements and strain in the human joint using transversely hyper
elastic constitutive law. In the present work knee muscle stress analysis is done by
using the FEM model during flexion leg movement.

FEA stress analysis was done by importing the knee CATIA model in ANSYS
workbench in .igs format and clean up tool was used for the missing data corrections
such as edges and corners. The 3D model comprises four major bones femur, tibia,
fibula, patella and two muscles rectus femoris, biceps femoris. The major difficulty in

FEA modeling of knee assembly was to model it to the level where it should mimic

the exact motion of the complex knee joint. This is mainly dependent on the surface

contact modeling of bones and muscles. There are two types of contacts, which were
modeled for this study.

1) Bone to bone contact: Femur bone is to be connected to tibia and fibula through
patella (knee cap) in such a way that it should mimic the movement of actual knee
joint.

2) Bone to muscle contact: Femur bone is to be connected to rectus femoris muscles
and tibia, fibula is to be connected to biceps femoris muscle. This connection of
bone to muscle adds compliance to the pure kinematic motion between the bones.

50



This will further constrain the knee joint assembly motion to mimic the real time
motion of knee joint.

But, defining surface contacts between bones and muscles was not that obvious as it is
seen. Difficulties in contact modeling were in its extremely discontinuous force
profile which gives abrupt change in force. Modeling a contact was done in two steps;
the contact interface between two bodies was found and then the type of contact
between them was defined. Penalty method was used for calculation of contact force.
This method allows small penetration, which is a function of its material stiffness.
Bigger the stiffness lower is the penetration and more will be the abrupt change in the
contact force. Lesser stiffness increases the penetration which makes solution never to
converge. This is because with too much of penetration, solver applies huge penalty
force. This excessive penalty force pushes contact part out of orbit. Then solver tries
to correct it by bisection (applied load is cut to half and tries again), this problem
continues with multiple bisections, which never converges and also too much of
contact stiffness also leads to problems with convergence.

Tackling this issue was a tricky task, which requires some iterations as in the present
case muscle was having much lower stiffness than bones. For this, one has to ensure
that two parts should have initial contact, but that should not be excessive. This
requires modification of contact interface, area and initial penetration many a times.
The insertion region of the two muscles on femur, tibia, fibula and patella were cross
checked before exporting it in the ANSYS APDL solver for the Von Mises stresses
analysis.

3.5.1 Material Properties

The accuracy of the results obtained in any analysis depends upon its material
properties. The different laws and mechanical properties used in the present knee
model are depicted in table 3.4.

Table 3.4 Different Laws and Mechanical Properties Used in the Knee Model
(Yunfeng et al., 2012; Adouni et al., 2013; John et al., 2013)

Element Type of laws Poisson’s Ratio Young’s Modulus Density
MPa Kg/m®
Bone Linear Elastic ,non- 0.38 12000 1800
homogeneous
Muscles  nonlinear hyper elastic 0.45 4 1000

laws, incompressible
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3.5.2 Loading Conditions

The knee joint orientation, alignment and the gap between the bones was done with
utmost care. As discussed earlier for the 3D muscle-bone model; the detailed FEA
modelling, like contact definition and joint definition were defined.

Flexion and Extension
R -

Fig. 3.24 Knee Flexion and Elevation Leg Movement

In the flexion, the leg was moved inwards along the single plane of the body. Normal
range of motion for flexion of the knee joint is 0° to 120°. Fig. 3.24 shows the flexion
and elevation exercise of the knee joint.

The axis of rotation of tibia was tested against the interference with femur, patella and

fibula for flexion, from 0° to 120° as shown in Fig. 3.25.

s

Fig. 3.25 Knee Joint Flexion Simulation in ANSYS for 0° to 60° ROM

The analysis was done for the post-operative exercise (flexion) therefore no external
load was applied on the model, only self-weight of the leg acting on the joint between
femur, tibia, patella and fibula was considered in the analysis. Simulation of the tibia

bone with respect to muscles, ligaments and two bones hip and femur was done.
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3.5.3 Meshing of 3D Model

Meshing of the model was done after setting the material properties as mentioned in
the previous sections. Hexahedral (8 node) and tetrahedral (4 node) 3D solid elements
mesh was incorporated in the present model. The mesh requirement for the soft
biological tissue that undergoes a large deformation is quite different from the pure
mechanical heat transfer and fluid flow problems (Fleishmann et al., 1999). The
quality of the tetrahedral mesh has a profound influence on both the accuracy and
efficiency of these simulations. The mesh modifications were done by using mapped
meshing technique to keep the model within quality criteria. After meshing the bones
and muscles the number of nodes and elements generated are depicted in the table 3.5.

Table 3.5 Summary of Number of Nodes and Elements Generated in Knee
Muscle Joint FEM Analysis

Muscle Nodes Elements
Rectus femoris 375312 249990
Biceps femoris 375312 249990

The meshed knee model with rectus femoris and biceps femoris muscles are depicted
in Fig 3.26.

(a) Front End of the Knee Model (b) Back-End of the Knee Model
Fig. 3.26 Knee Joint Meshed Model with Rectus and Biceps Femoris Muscles

Similar to shoulder joint analysis, the mesh convergence for knee joint model was
done and the knee model has converged to 3mm mesh size for von-Mises stresses.
The Von Mises stresses in the knee muscles was computed for full range of motion
during flexion leg movement. The initial position for the analysis was taken as a
horizontal plane. Then the tibia along with the knee muscles was rotated inwards
along the single plane of the body from 10° to 90° at the interval of 10°. The

simulation was done in nine steps in nine seconds and each second corresponds to 10°
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rotations and the motion was chosen to be pure rotation in a single plane. The final
analysis of the knee joint including rectus femoris and biceps femoris muscles was

done for the same angle of rotation to compute the VVon Mises stresses.

3.6 CPM MACHINE FOR SHOULDER AND KNEE JOINT

Joint injuries and surgery is one of the difficult conditions in any one’s life. It is very
difficult to move the joints immediately after the surgery due to aching in the joints.
This is due to immobilization and the scar tissue formation around the joint thus the
joint becomes stiff. This prolongs the healing time of the tissues around the joints and
requires months of physical therapy to regain the original ROM for the patients. CPM
therapy is one of the well-known procedures for healing the human joint and to reduce
the recovery time. Due to use of CPM machine joint receives nutrition, venous flow
increases and deterioration of cartilage is prevented. In addition, pain is decreased,
range of motion is maintained and recovery is accelerated (Shawn et al., 2002). CPM
machine is one of the applications of the medi-mechatronics branch, in which
mechanical engineering devices are controlled by electronics circuits for the medical

application.

In the present work an attempt has been made to design, develop and test the low cost
shoulder and knee Continuous Passive Motion (CPM) machine for the clinical
rehabilitation of injured shoulder and knee joints. By using motorized device the
shoulder and knee CPM machine can gradually move the joints in predefined range of
motion (ROM). Otherwise, it is not possible for the patients to move the joint actively
due to the pain. This motion is called passive because the patient is not using his

muscular effort during the exercise on the machine.
3.6.1 Shoulder CPM Machine

The shoulder joint is one of the most critical joint as it consists of maximum degrees
of freedom being a ball and socket nature. Shoulder CPM is used to perform different
exercise known as adduction, abduction, extension, flexion, internal (medial) and

external (lateral) rotation. Table 3.6 shows normal range of motion of shoulder joint.

54



Table 3.6 Normal Range of Motion for Shoulder Joint Exercise

Shoulder Exercise Range of Motion
Abduction/Adduction 0° to 175°
Internal/External rotation -90°to 90°
Flexion/Elevation 0°to 175°

From the shoulder anthropometric data, the mean values of forearm length (0.25m),
upper arm length (0.30m) and weight of the arm (5.25 Kg) were used in the present
work for the calculations of the total power required to move the shoulder arm
assembly (Holen, 1936; Ronald, 2013).

Though open and closed kinematic chain mechanism are used for the different
exercise of the human joints. Open kinematic chain (OKC) is the best approach for
the shoulder joint motions as the movement is happening through a single joint
(Glenohumeral joint). Open kinetic chain exercises are usually performed in a non-
weight bearing position and allows involved limb to move freely on the post-operative
shoulder joint. Open kinematic chain analysis was used to find out the motor ratings
for the CPM machine. The analogy of shoulder joint skeleton and open kinematic

chain is shown in Fig. 3.27.
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(a) Shoulder Joint Skeleton  (b) Schematic Diagram of Shoulder Machine
Fig. 3.27 Open Kinetic Chain for Shoulder CPM Machine
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3.6.1.1 Motor Design (M,)

The circulatory motion was to be imparted on the shoulder joint, which can be
obtained from the open kinematic chain mechanism. In the open kinematic chain
mechanism one of the links is connected to the driving unit such as the motor (M;) to
have the rotating motion. This constitutes the higher pair with the other links which

gives rise to the rotary motion to the shoulder arm assembly.

Motor M1

Fig. 3.28 CATIA Model of the Shoulder Arm with Motor M; and M,

Fig. 3.28 shows the CATIA 3D model of the shoulder arm of shoulder CPM machine.
Motor M; helps in adduction and abduction range of motion. The dead weight of the
arm was 52 N and the weight of all the linkages from upper arm link (L) to fore arm
link (Link L) and motor M, was 27.45 N; so the total weight of the shoulder arm
assembly acting on the motor M; will be 79.45N. These weights were uniformly

distributed over the upper and forearm assembly.

0.3m 0.16m
_ . - Motor
M2
Link1  Hinge E’gﬁ%) (14.71N)
(9.81N) =
Arm Rest
Motor (52 x}
Mi Dead weight
of Arm

Fig. 3.29 Schematic Representation of Shoulder Arm of the CPM Machine
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Fig.3.29 shows the schematic representation of shoulder arm of the CPM machine.
The schematic representation of the shoulder arm assembly with upper arm and lower
arm linkages is as shown in Fig.3.30. The bending moment and the torque were
calculated to find the equivalent torque for the selection of motor M;.

Bending Moment (M)

30,65 N/m 18.38 N/m (145N +52N)
4%&/»A/V¥Nﬁ¢\ﬁu\/va/xA/vﬂiVN/vﬂ/\/J (66.5N)

B )
" 0.16m g
Fig. 3.30 Loading Diagram for Motor M;
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Taking moment about point A

0.16
2

30.65 x %2 + (18.38 x 0.16) x (03 +%2%) +66.5 x 0.46 — M, = 0 [3.1]

M, _34.66 Nm.
The bending moment about point Ais M = 34.66 Nm.

79.45N

|
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L]

A

0.48 m

Fig. 3.31 Loading Diagram for Torque Measurement

Torque (T)

As the maximum load is acting at the motor M. for safer design the maximum torque

is considered at the load point C, as shown in Fig.3.31.
T = Load x Perpendicular distance [3.2]
T=(79.45x0.48) =38.04 Nm

The equivalent torque is given by

Te = VMZ + T2 [3.3]

Te = /34.66% + 38.042
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Te = 51.46 Nm
The motor power is given by

21.N.T
60

[3.4]

Where, N=rpm (revolution per minute) of the motor shaft.
T=Torque required to take the load (Nm)

po 2nmx6x51.46
B 60

P=3233W
In order to practice standardization, from the manufacturer’s catalogue, the next

suitable motor available is of 40 Watt power. Selecting a motor of 40 Watt maintains

the available factor of safety to 1.25.

The bending failure of the shaft for static load condition

op =7 [3.5]

__ (Shaft Length x Total Weight of the arm)
b — a3
32

From the stepper motor catalogue diameter of the shaft was 10 mm and shaft length
was 20 mm and the total weight of the shoulder arm assembly is 79.25 N.

20 x 79.45
Op =~
— 3

35 10

op = 16.18N/mm?
The tensile yield strength of ASIS 304 is 215 N/mm?. Therefore the motor shaft was

safe for bending. Now the Factor of Safety with respect to bending failure is 13.28
and for medical instruments the factor of safety is in the range of 6 to 10.

The ergonomic aspects of the chair were also taken in to consideration as the machine
is used for the post-operative treatment. The comfort of the patient during the post-

operative treatment exercise was taken care by proper cushioning of the injured arm,
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adjustable fore arm and shoulder arm to accommodate different arm size, adjustable

back rest.

3.6.1.2 Electronics Design

The hardware part of the machine is mainly consists of circuit, the power supply PCB,
programmable logic control (PLC), motors and electronic components used in the
different circuits. The software part consists of the PLC programming.

output pulse
24V il ‘

| _
SHMPS sV
_____ PLC Drive-1 Drive-2
Ir UP from |
' HMI | TTTT xu|y'_"
to motor-1 to tmntor-2
STEP DOWN

EE‘*NSFORM RECTIFIER |3V

Fig. 3.32 Power Supply Block Diagram and Motor Control Circuit

A switched mode power supply (SMPS) was used in the CPM machine for supplying
power to the PLC through the transformer. It incorporates a switching regulator to
convert electrical power efficiently. The power supply diagram and motor control
circuit is as shown in the Fig.3.32.

Fig. 3.33 Rear View of Stepper Motor and PLC Control Unit
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Motor circuit and its control are very important and difficult aspect of the electronics
design of the CPM machine. Stepper motors can be easily controlled with PLC;
however logic and drive electronics are little bit complex.

Fig.3.33 shows rear view of stepper motor PLC control unit which consists of PLC
system, basic functional components of processor unit, memory, power supply unit,
input/output interface section, communications interface and the programming
devices. Two brushless hybrid stepper motors M; and M, were used to control the
shoulder arm movement as shown in Fig.3.34. The brushless stepper motors were
used in the present CPM machine for the smooth and precise movement of the

shoulder arm assembly.

Fig.3.34 Hybrid NEMA Make High Torque Motors M; and M,

The stepper motors M; and M, can be operated in open loop cycle and are easily
controlled by the PLC. The use of stepper motors has reduced the cost of the machine
by saving the costly sensors use in the system. The hybrid stepper motor M; was used
to move the entire shoulder arm assembly in one plane (abduction/adduction,
Flexion/extension) or in two different planes (internal rotation and external rotation).
The unique feature of this motor is that; it can be used at high torque with a precise

control at the smaller step angles 1.8°.

3.6.1.3 Fabrication of CPM Machine

The shoulder CPM consists of the following main components backrest, armrest,
adjustment for horizontal adduction or abduction, holding tube for height adjustment,
holding tube for upper arm length adjustment, locking screw for adjustment of elbow

angle, locking screw for adjustment of forearm length, two motors, elbow support,
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forearm support and locking pin. Fig. 3.35 shows a shoulder CPM block diagram

consisting of all important components in it.

b)

d)

Power
‘Supply
I\Ill 230V
HMI AC
. Back -
Arm LinkK s Rest Display
| |-==FHand Rest
Hand M2 Ch
and = air
Link—" o
Hand diustable /
Knobs
Height me i
Adjustment - PLC ,.—'/- Tnput
Link <N Switches

Fig. 3.35 Block Digram of Shoulder CPM Machine

Backrest: The back rest was supported by the natural curve of the spine and 45
mm wide to accommodate the subjects with large variation in size. The backrest
is made up of mild steel material on which cushion is pasted by adhesive and
covered with resin cloth.

Holding tube for length adjustment (upper arm): The vertical upward and
downward movement of the holding tube is made to adjust the patients upper
arm length of shoulder joint. The material used for the holding tube is carbon
steel.

Seat width and depth: The seat is made wide and thick enough to support
different sized patient to seat comfortably. It is 50 cm wide, 60cm length and 4
cm thick. Leather is used as a cushioning material on the seat of the CPM
machine.

Armrests: It allows the patient to rest his arm comfortably on the shoulder arm
assembly and to keep the shoulder in the relaxed position during the shoulder
arm exercise. Its length is 25 cm and 10 cm wide. The forearm rests freely and
is sheltered with the cushion.

Motor (M;) and (M,): Two stepper motors are used to permit fully isolated

movements to the arm; i.e. the motors can individually be turned on or off.
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M, effects adduction, abduction, flexion and extension. M, effects internal and
external rotation of the arm. Stepper motors are used for actuating the shoulder

arm assembly.

Adjustable
back rest

PLC Control
Unit

Fig. 3.36 Low Cost Shoulder CPM Machine

PLC Controller: Delta PLC DVP 28SV 11T, 28SV PLC with a 28 pointers in
column 16 inputs and 12 outputs was used as a control device. The inputs to

PLC are given through the human machine interface (HMI).

Fig. 3.36 shows a developed low cost shoulder CPM machine consisting of all
important components in it. The total fabrication cost of the machine is 99000/- Rs,
($1650) (Appendix I1). The manufacturing cost of the machine is reduced to 40%
without compromising its functionality. In the present work CPM machine has
been used for performing different shoulder exercises for the muscle contraction
analysis using the SEMG. The maximum rehabilitation centers in India can afford
this CPM machines, which will reduce the cost of the CPM therapy and ultimately
the shoulder injured patients will get benefited. The machine has fulfilled all the
requirements of the shoulder therapy such as abduction, adduction, elevation,

flexion, internal rotation and external rotation.
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(a) Motor casings, holding tubes and rollers

\

(e) Rear top view of CPM machine () First run of CPM machine
Fig. 3.37 Shoulder CPM Fabrication from Raw stage to the Finished Product
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Fig. 3.37 shows a developed low cost shoulder CPM machine from raw stage to the
finished product. The CPM machine was first tested on the normal shoulder for two
weeks to crosscheck its functionality and consistency for different shoulder arm
exercises. Then the trail was conducted under the supervision of an orthopedic
surgeon on the shoulder pain patients. After proving its reliability and satisfying the
shoulder physiotherapy requirements, the CPM machine was put to effect on the post-
operative patients. Total fifty subjects were exercised on this CPM machine for
different shoulder arm exercises. The development of low cost CPM machine is one
of the important findings of the present work. The Orthopedic surgeon has approved
this machine for the shoulder exercise (Appendix XI). This machine is an important
part of a physiotherapy center in Dr. Metan Hospital Orthopedic & Neurology Center,
Solapur, India.

3.6.1.4 Testing on the CPM Machine

In this study, fifty asymptomatic subjects of different age group and gender, having
shoulder pain or undergone shoulder surgery; were tested on the shoulder CPM
machine in Dr. Metan Hospital Orthopedic & Neurology Center, India. Subjects were
exercised on CPM machine through series of motions for different exercises, such as
adduction, abduction, flexion, elevation, internal rotation and external rotation for 2 to
3 weeks. The improved range of motion and reduced pain after the two weeks of CPM

treatment are the main outcome measures.
Procedure:

As per the instructions from the orthopedic surgeon, the scales of different exercises

were set. The therapy prescription such as type, frequency, and duration of the

therapy; goals of therapy; and safety precautions were considered while exercising on

the machine. The procedure carried out for different exercises on the developed

shoulder CPM machine is explained as follows.

1) On the first day subject was trained to use the CPM by the physiotherapist, giving
self-demonstration and a trial run.

2) Subject was made to sit on the CPM chair, accordingly the height of the arm rest
was adjusted, so that the motor M; would be in line with the shoulder joint. The

precaution was taken that forearm link and upper arm link were kept parallel to
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3)

4)

5)

6)

the shoulder forearm and upper arm of the subject during the exercise. This made
the subject feel comfort during the exercise.

The physiotherapist and the orthopedist have decided the dose and duration of the
treatment.

As per instructions of physiotherapist, the required exercise was selected on the
control panel and the upper limit of ROM was set for the exercise. The number of
iterations was given as per the need of the therapy. Emergency switch was given
to the subjects, in case of excess pain. In case of power failure during the exercise
the battery backup was provided for uninterrupted exercise.

Once the subject got comfortable and knowledgeable with the first exercise cycle,
then the same cycle was repeated. The angle was increased on daily basis to
attain normal ROM, depending upon the patient’s pain.

The exercise was conducted for two weeks and the ROM progress was noted and

discussed with the subject.

The CPM machine was conceded throughout a series of motions from 30° to 175° at

the progression of 5°, until a normal range of motion is achieved. Subject’s progress

report was generated and one of the sample reports is explained in the result section.

In the report a gradual increase in ROM and pain scale is measured on daily bases.

Fig. 3.38 shows the shoulder joint exercise on developed shoulder CPM machine in

Dr. Metan Hospital Orthopedic & Neurology Center, Solapur, India.

Fig. 3.38 Shoulder Joint Exercise on Developed CPM Machine
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The shoulder pain was evaluated by Visual Analogue Scale (VAS) pain technique.
One of the VAS methods, Shoulder Pain and Disability Index (SPADI) was used to
assess the pain in the shoulder during the exercise (Appendix IIlI). This self-
administered questionnaire uses 13 questions, five of which deal with the severity of
pain on various arm movements, the pain being assessed by using VAS. The
remaining eight questions deal with functional impairment of the shoulder, assessed
with a VAS ranging from 0 (no difficulty) to 10 (so difficult that I need help). An
overall score was calculated for the 13 questions as a whole. The same procedure to
evaluate the shoulder pain was used by few researchers (Yesim et al.,, 2013,
Huskisson et al., 1976). Higher scores indicate a greater level of pain and disability
(Biger et al., 2010).

The ROM was directly set on the HMI display for the different exercise. The motor

speed was varied from 1 rpm to 3rpm depending upon the subject’s response to the

recovery. The displaced angle in radian per second is given by
_2:'m-N

“= 760
_ 2.1

60
w = 0.105 rad/sec

[3.6]

As 1 rad/ second is equal to 57.29 degrees, the angle displaced per second is 6° for 1
rpm of the motor. The angle per second can be given in the steps of 6° by changing
the motor RPM.

3.6.2 Knee CPM Machine

The knee is a multipart joint with many mechanisms, making it susceptible to the lot
of knee injuries. Though many knee injuries can be successfully treated with simple
measures but other injuries may require surgery to correct. After an extensive surgery,
due to immobilization of the knee joint scar tissues may get formed and healing may
get prolonged to regain its normal ROM. In the recent years, knee CPM is effectively
used for different surgical procedures for restoring the normal knee function and
ROM (Ngoc-Bich et al., 2013). The developed knee CPM is to perform two different

exercises known as hyperextension and full knee flexion as shown in table 3.7.
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Table 3.7 Normal Range of Motion for the Knee Joint

Knee Exercise Range of Motion in Degrees
Hyperextension 120°to 0°
Full knee Flexion 0° to 120°

The knee anthropometric data, the mean values of upper leg (thigh) length (0.60m),
lower leg (calf) length (0.50m) and weight of the leg (156.96 N ; 16 Kg) was used in
the present work; for the calculations of total power required to reciprocate the leg by
using CPM machine (Holen, 1936).

Though open and closed kinematic chain mechanism are used for the different
exercise of the human joints. Closed kinematic chain is the best approach for the knee
joint motions, as the leg movement is happening in a single plane through a single
joint i.e. knee joint. A four bar mechanism was used to translate the leg into
hyperextension and flexion. The advantages of using four bar linkage are; it allows
the joint to be offset slightly from the center, avoids interference and more freedom
for the adjustment of the links in the machine. Closed kinematic chain analysis can be
used to find out the motor ratings for the CPM machine. The knee skeleton outline
gives all the geometrical information necessary for determining the relative motion of

the links as shown in Fig. 3.39.

Head ,?’}f‘.\,
E Shaft - A : Pivote point
A B : Knee joint
B  C: Squre thread Nut

Condyle /\_“2“.; Patella Link AB : Upper Leg / Femur

S Link BC : Lower Leg / Tibia
} |\~ Tibia Link AC : Square thread shaft
Fibula
\‘ ('
V! A
4{2’3\; Foot L2
(@) Knee joint skeleton (b) Skeleton outline of knee machine

Fig. 3.39 Closed Kinetic Chain Mechanism for the Knee CPM Machine
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A power screw is a mechanical device used to convert rotary motion into linear
motion and to transmit the power. Square thread screw and nut assembly is used; as

there will be no side thrust on the nut and also the efficiency of square thread is high.

3.6.2.1 Motor Design

From the kinematics analysis, as the force value was very less; therefore static loading
is considered in the present design calculations. Leg weight was 156.96 N (16 kg)
and the weight of the platform structure, plate and cushion assembly was 68.67 N
(7 kg), so the total weight of the assembly on the bearings and nut was 225.63N.
Considering Factor of Safety 1.5, the total load on the bearing was 338.5N (345N).

The Power absorbed by the bearings to overcome the friction.

Load on bearings is, Ws = 345 N (Normal Reaction R).
The mean diameter (D,) of the bearing is 25mm and the bearing friction (p) is 0.35,

Friction force is given by

F= pxR, [3.7]
F= 120.75N
The frictional torque is given by
FxD
Ty = —-L [3.8]

Translating velocity of the bearing is 0.0018 m/s.
The angular velocity is given by

v
®= p; [3.9]
=2
0.0018
0.0125

w = 0.144 rad/s
Hence, the power lost in overcoming the friction will be

P=Tixw [3.10]
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P, = 1.5x0.144
P,= 0216 W
Power required overcoming the load.

The velocity of slider nut is given by

T[XDp XN
v=—2=2— [3.11]
60
V=0.015m/s

Power is given by
P, = F:xV [3.12]
P, = 345x0.015
P, =5175W
Total power required is
P=P +P,=5391W

There will be some power losses at the screw-nut, gears and different joints.
Therefore, considering the screw-nut efficiency (1) equals to 70% and the gear train

efficiency (1) equals to 80%.
Actual Power required (P,) is

b _ 5.391
270.8x0.7

= 9.627 W

As the motor is one of the important elements (the heart) of the CPM machine to drive

the screw and nut assembly, the factor of safety is taken as 2.5 (Shigle, 2003).

Therefore power required to drive the nut was 24.06 W. The next standard motor
available in the market was of 30 Watt; therefore standard motor selected was an a.c.
synchronous, having power rating 30 Watt with 60 rpm. One of the unique features of
the stepper motor is that irrespective of any load variation it operates at constant rpm
and the efficiency is high at low speeds.

Similarly different components screw, nut and the coverings of the machine were

designed and checked for the failure test.
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3.6.2.2 Electronics Design

A simple electronic circuit was used for the automatic forward / return movements
and for the smooth functioning of the CPM machine. Synchronous motor rotates in
clockwise and anticlockwise direction by operating 12V relays RL; and RL;
respectively. Open contact relays were used for this purpose as shown in Fig. 3.40.
Regulated power supply of +5V @ 500mA is developed by using a full wave rectifier,
capacitor filter and three terminal IC voltage regulator 7805 as shown in Fig. 3.41.

Fig.3.40 Control Circuit for Knee CPM Machine
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Fig.3.41 Power Supply Circuit for Knee CPM Machine
3.6.2.3 Fabrication of CPM Machine

Fig. 3.42 shows a schematic representation of the knee CPM machine. The CPM
machine is fabricated with all the prerequisite of the knee joint flexion and hyper

extension exercise. CPM machine body is made up of M.S. sheet (18 gauges) and
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used for housing gear train, motor, screw and nut and electronic circuitry of the
machine. Lead screw is used to drive to the nut and is made up of M.S. steel material.
As the efficiency of square thread is more, there will be no side thrust on the nut and
motion of the nut will be smooth and uniform therefore the square thread and nut
assembly is used in the present work. Material used for nut is cast iron. Two plastic
spur gears with gear ratio 4:1 are used for smooth operation and low speed
requirement. Number of teeth’s on the driving gear mounted on the motor shaft is 12

and the number of teeth on the driven gear mounted on the lead screw is 48.

Linkage
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Motor = Bearing Lead Screw
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Fig. 3.42 Block Diagram of Developed Knee CPM Machine

The shin rest (linkage) is made of M.S. It is mounted on a C type support, to get the
required oscillatory motion to the patient’s lower leg. Leather cushioning is provided

on both the linkages for the comfort of the patients during the CPM exercise. Fig 3.43

shows the developed low cost CPM machine. The total cost if the knee CPM machine
is Rs 10000/- (200 $). (Appendix 1V)

Fig. 3.43 Low Cost Knee CPM Machine
3.6.2.4 Testing on the CPM Machine

In present study, 50 asymptomatic subjects of different age group and gender, having

knee pain or undergone knee surgery; are tested on the knee CPM machine in
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Dr. Metan Hospital Orthopedic & Neurology Center, India. Subjects were exercised
on CPM machine through series of motions for flexion and extension exercises for 2
to 3 weeks. The improved range of motion and reduced pain after the two weeks of
CPM treatment were the main outcome measures (Ring et al., 2005).

Procedure:

As per the instructions from the orthopedic surgeon, the scales of different exercises
are set. The therapy prescription such as type, frequency, and duration of the therapy;
goals of therapy; and safety precautions are considered while exercising on the CPM
machine (Scott et al., 2007).

The procedure to carry out different exercise on the developed knee CPM Machine is

explained below.

1) On the first day subject was trained to use the CPM by the physiotherapist, by
giving self-demonstration and a trial run.

2) Subject was allowed to sit on the knee CPM machine; accordingly the leg was
adjusted and strapped on the upper and lower leg linkages, so that the subject
should feel comfort during the exercise. The precaution was taken that the upper
and lower leg was fully seated on the linkages and the leg belt was properly
strapped. A small gap may create a lot of pain during the exercise.

3) The physiotherapist and the orthopedist have decided the dose and duration of
treatment.

4) As per instructions of physiotherapist, the required exercise was selected on the
control panel and the limit switches were set to adjust the ROM. The number of
iterations was also set. Emergency switch was given to the subjects, in case of
excess pain. In case of power failure during the exercise the battery backup was
given for uninterrupted exercise.

5) Once the subject got comfortable and knowledgeable with the first exercise cycle,
then the same cycle was repeated. The angle was increased on daily basis to
attain normal ROM, depending upon the patient’s pain.

6) The exercise was conducted for two weeks and the ROM progress was noted and

discussed with the subject.
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The CPM machine was conceded throughout a series of motions from 0° to 120° at the
progression of 5° until a normal range of motion is achieved (Jesse et al. 2009).
Subject’s progress report was generated and one of the sample reports is explained in
the result section. In the report a gradual increase and pain scale is measured on daily

basis.

The shoulder pain in the patients was assessed by Visual Analogue Scale (VAS) pain
score. Knee function is assessed by using the Knee Pain and Disability Index
(KPADI) (Appendix V). This self-administered questionnaire uses 13 questions, 5 of
which deal with the severity of pain on various leg movements, the pain being
assessed by using VAS. The remaining 8 questions deal with functional impairment
of the knee, assessed with a VAS ranging from 0 (no difficulty) to 10 (so difficult that
need help).An overall score was calculated for the 13 questions as a whole. The same
procedure to evaluate the knee pain was used by few researchers (Raja et al. 1992,
Jinks et al., 2002 Burckhardt and Jones, 2003). Higher scores indicate a greater level
of pain and disability (Biger et al., 2010).

3.7 MUSCLE TESTING BY USING SEMG ON CPM MACHINE

In the present study SEMG activity was recorded of the shoulder and knee joint
muscles during different exercises. The volume contraction properties of the tissues
were used to measure the strength of the muscle activity (Dinesh et al., 2013). The
aim of this procedure was to analyze the most sensitive muscle during abduction

shoulder exercise and flexion knee exercise.

The standard protocols for SEMG testing were used in the present work. The current
protocol included the cleaning of the target area, placing the electrodes, required tasks
in order to collect and register the electrical signal and interpretation of the

electromyography signal parameters (Klyvia et al., 2012).
3.7.1 SEMG Test on Shoulder CPM Machine

In present study, twelve asymptomatic subjects of different age group and gender
were tested with (DELSYS two nodes) SEMG on the shoulder CPM machine in
Talpallikar Physiotherapy Center, Sholapur. Subjects were exercised on CPM
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machine during abduction arm movement for continuous 10 days at the interval of 2
days. The SEMG testing cost for each muscle analysis was also high, as the study was
conducted in the private research institute. Fig. 3.44 demonstrates the SEMG set up

on shoulder prone subject during abduction arm movement.

Two electrodes were mounted on the deltoid, supraspinatus, infraspinatus, teres minor
and subscapularies of shoulder joint during the abduction arm movement. Due to pain
the movement gets restricted, which causes shortening (contraction) of the muscle and
the motor unit firing was observed during the abduction arm movement. After taking
readings on the five muscles on the two subjects, the amplitude of the muscle
contraction was observed to be very small; as the test was conducted during the
passive motion of the subject. It was observed that deltoid and supraspinatus motor

unit firing were measurable (in micro volts) compared to other three muscles.

\

Fig. 3.44 Set up for Shoulder Muscles Test by SEMG

The procedure followed during the SEMG recordings on the subjects by CPM

machine is described below.

1) Subject was made to sit on the CPM machine chair; accordingly the height of the
arm rest was adjusted and the motor My was kept in line with the shoulder joint;
so that the subjects feel comfortable during the exercise.

2) The subject was first exercised on the shoulder CPM machine without adding
SEMG machine.
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3) The electrodes were mounted along the longitudinal midline of the desired
muscle at different locations of the shoulder joint; deltoid, supraspinatus,
infraspinatus, teres minor and subscapularies muscles as shown in Fig.3.45.

4) SEMG machine was switched ON and motor unit firing were collected as the
subject produced a series of contractions for each of the movements during
abduction arm movement.

5) For each trial the subject has produced three- four second contractions of the
same movement, every time starting from and returning to rest.

6) The trial was taken 3 times for each exercise and the readings were noted at the

highest muscle contraction and the angle was recorded.

Deltoid Muscle Supraspinatus Muscle

Fig. 3.45 SEMG Electrode Positions for the Shoulder Joint Muscle Analysis

7) At five different muscle locations the electrodes were applied and the SEMG
recording was done for each muscle.

8) The output graph of SEMG was amplitude in Microvolts against the number
of turns (ROM in degrees). The maximum muscle contraction occurs at
certain angle of the shoulder joint rotation during the CPM exercise and the
position (angle) where the maximum contraction (stress) occurred was noted
for further analysis. Reports were generated for remaining shoulder muscles

by the same procedure.

Portable two Channel SEMG System made from Medicaid was used for the muscle
analysis (Liu et al., 2001, Dinesh et al., 2013). Each channel is connected to a

Noraxon AgCI gel dual electrode that picked up signals from the muscles. The results
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were tabulated for the maximum amplitude in microvolts of different muscles at a
particular ROM.

3.7.2 SEMG Test on Knee CPM Machine

In present study, eight asymptomatic subjects of different age group and gender were
tested with (DELSYS two nodes) SEMG on the knee CPM machine in Talpallikar
Physiotherapy Center, Solapur, India. Subjects were exercised on the knee CPM
machine during flexion and extension exercises for continuous 10 days at the interval
of 2 days. Fig.3.46 shows the SEMG set up on the developed CPM machine.

Fig.3.46 Set up for Knee Muscles Test by SEMG on CPM Machine

Two electrodes were mounted on the rectus femoris and biceps femoris on the knee
joint during the exercise. The maximum motor unit firing (the muscle gets contracted)

was observed during the flexion exercise.

The procedure followed during the SEMG recordings on the subjects by CPM
machine is described below.

1) The CPM machine lower leg (shin) and thigh length were adjusted as per the

subjects knee joint position; so that the subject should feel comfort during the

exercise.

2) The subject was first exercised on the knee CPM machine for small ROM
without SEMG.
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3)

4)

5)

6)

7)

8)

Then the electrodes were mounted along the longitudinal midline of the desired
muscle at different locations of the knee joint; rectus femoris and biceps femoris
as shown in Fig.3.47.

SEMG machine was switched ON and recordings were collected as the subject
produced a series of contractions for each of the movements during flexion.

For each trial the subject has produced three - four second contractions of the

same movement, every time starting from and returning to rest.

Rectus femoris
Muscle

Fig. 3.47 SEMG Electrode Positions for the Knee Joint Muscle Analysis

The trial was taken three times for each exercise and the readings were noted at
the highest muscle contraction and the angle was recorded.

At two different muscle locations the electrodes were applied and the SEMG
recordings were done.

The output graph of SEMG was amplitude in Microvolts against the number of
turns (ROM in degrees). The maximum muscle contraction occurs at certain
angle of the knee joint rotation during the CPM exercise and the position (angle)

where the maximum contraction (stress) was noted for further analysis.

Portable two Channel SEMG System made from Medicaid is used for the muscle

analysis. (Liu et al., 2001, Dinesh et al., 2013). Each channel was connected to a

Noraxon AgCI gel dual electrode that picked up signals from the muscles. The results

are tabulated for the maximum amplitude at a particular ROM.
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CHAPTER 4

RESULTS AND DISCUSSIONS: ANALYSIS OF SHOULDER
JOINT MUSCLES

The previous chapter conferred about the different steps implemented to generate 3D
FEM model for the shoulder joint. The post-processing shoulder model was done in
the ANSYS APDL software. The SEMG test conducted on twelve patients during
abduction arm movement was also discussed at length. The present chapter discusses
the results of the 3D FEM analysis. Results of FEM analysis have been compared
with the shoulder muscles test conducted by SEMG on a shoulder CPM machine and

also with the previous work.
4.1 FEM ANALYSIS

The post-processing of a 3D shoulder model was done in the ANSYS APDL software
to find the maximum stressed muscle during abduction arm movement. Static analysis
was done, the results of Von Mises stresses and an equivalent elastic strain were
plotted and analyzed (Philippe et al., 2010). The individual and group muscles
analysis of four rotor cuff muscles and deltoid muscle of the shoulder joint was done.
The maximum stressed muscle during abduction arm movement was analyzed and

discussed in detail.
4.1.1 Analysis of Deltoid Muscle

Single deltoid muscle was modelled on the shoulder bone from the lower border of
the crest of spine and the lateral border of acromion. Pure rotational motion in a single
plane about the shoulder joint was an input for the FEM analysis during the abduction
arm movement. The shoulder arm was simulated in eight steps from 10° to 80°.
Probes were added at five different locations in the deltoid muscle. The results
obtained by FEM analysis for Von Mises stresses and equivalent elastic strain is

presented in table 4.1.
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Table 4.1 Von Mises Stresses and Equivalent Elastic Strain on Deltoid Muscle

Rotation Von Misses Equivalent Elastic
Angle (ROM) Stresses (MPa) Strain (mm/mm)
10° 0.6401 0.5334
20° 1.4146 1.1788
30° 2.2940 1.9116
40° 2.4822 2.0685
50° 3.0711 2.5593
60° 3.5690 2.9742
70° 3.8718 3.2265
80° 4.2175 3.5146

The deltoid muscle gets contracted as the shoulder joint is rotated from 0° to 80°
during abduction arm movement. This is due to the muscle mass, which always gets
broken down and being synthesized with different rates during the movement of the
arm. If the rate of breaking and synthesizing of the muscle mass is maintained (equal)
then there will be no stresses induced in the shoulder muscles. If this rate is not
maintained then the net effect will results in the tissue formation around the joint

which induces the stresses in the shoulder muscle.

As the abduction arm movement angle increases from 0° to 80°; the breaking down of
the muscle mass increases and is maximum at 80° thus maximum Von Mises stresses

is induced in the shoulder muscle.

Max.
4.2175 MPa

Fig. 4.1 Maximum Von Mises Stresses in Deltoid Muscle
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Fig. 4.1 shows the maximum Von Mises stresses in the deltoid muscle during
abduction arm movement. Maximum stress in deltoid muscle was found to be 4.2175
MPa at 80° ROM.
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Fig. 4.2 Maximum Equivalent Elastic Strain in Deltoid Muscle

Fig. 4.2 shows the maximum equivalent elastic strain in the deltoid muscle during
abduction arm movement. Maximum equivalent elastic strain in the deltoid muscle
was found to be 3.5146 mm/mm at 80° ROM.

4.1.2 Analysis of Supraspinatus Muscle

Single supraspinatus muscle was modelled on the shoulder bone from the medial two-
thirds of the supraspinatus fossa including the upper surface of the spine. The same
procedure was adopted (like deltoid muscle) for the FEM analysis to find out the Von
Mises stresses and an equivalent elastic strain. The results obtained for supraspinatus

muscle by FEM analysis are presented in the table 4.2.

A: Static Structural
Equivalent Stress

¥pe-Eq!
Unit: MPa

Time: &

11/03/2015 10:09 AM
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. 036011
o o.1s005
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1.6205 MPa

Fig. 4.3 Maximum Von Mises Stresses in Supraspinatus Muscle
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Table.4.2 Von Mises Stresses and Equivalent Elastic Strain on Supraspinatus

Muscle
Rotation Angle Von Misses Equivalent Elastic
ROM Stresses (MPa) Strain (mm/mm)
10° 0.1822 0.1518
20° 0.4426 0.3689
30° 0.7246 0.6038
40° 0.9906 0.8255
50° 1.2219 1.0183
60° 1.3665 1.1387
70° 1.4552 1.2126
80° 1.6205 1.3504

Fig. 4.3 shows the Maximum Von Mises stresses in the supraspinatus muscle during
abduction arm movement. As the abduction arm movement angle increases from 0° to
80°; the breaking down of the supraspinatus muscle mass increases and is maximum
at 80°. Thus maximum Von Mises stresses is induced in the supraspinatus muscle.
Maximum stress in supraspinatus muscle was found to be 1.6205 MPa at 80° ROM.
Maximum equivalent elastic strain in supraspinatus muscle was found to be 1.3504
mm/mm at 80° ROM.

4.1.3 Analysis of Subscapularies Muscle

Single subscapularies muscle was modelled on the shoulder bone from the medial
two-third of the subscapular fossa.

Type: Equivalent (von-Mises) Stress - Top/Bottorm
Unit: MPa

Time: 8

07/03/2015 8:09 PM

1.3539 Max
12035

L 1.3539 MPa

Fig. 4.4 Maximum Von Mises Stresses in Subscapularies Muscle
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The same procedure was adopted (like deltoid muscle) for the FEM analysis to find
out the Von Mises stresses and an equivalent elastic strain and the results obtained are

presented in table 4.3.

Table.4.3 Von Mises Stresses and Equivalent Elastic Strain on Subscapularies

Muscle
Rotation Angle Von Misses Equivalent Elastic
ROM Stresses (MPa) Strain (mm/mm)
10° 0.1882 0.1568
20° 0.3650 0.3042
30° 0.5271 0.4393
40° 0.6966 0.5805
50° 0.9296 0.7747
60° 1.0896 0.9080
70° 1.1910 0.9924
80° 1.3539 1.1283

As the abduction arm movement angle increases from 0° to 80°; the breaking down of
the subscapularies muscle mass increases and is maximum at 80°. Thus maximum

VVon Mises stresses is induced in the subscapularies muscle at 80°.

Fig. 4.4 shows the Maximum Von Mises stresses in the subscapularies muscle during
abduction arm movement. Maximum stress in subscapularies muscle was found to be
1.3539 MPa at 80° ROM. Maximum equivalent elastic strain in subscapularies muscle
was found to be 1.1283 mm/mm at 80° ROM.

4.1.4 Analysis of Infraspinatus Muscle

Single infraspinatus muscle was modelled on the shoulder bone from the medial two-
thirds of the infraspinatus fossa, including the lower surface of the spine. The same
procedure was adopted (like deltoid muscle) for the FEM analysis to find out the Von
Mises stresses and an equivalent elastic strain and the results obtained are presented in
table 4.4.

Fig. 4.5 shows the Maximum Von Mises stresses in the infraspinatus muscle during

abduction arm movement.
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Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit; MPa

Time: 8

07/03/2015 6:13 PM
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Fig. 4.5 Maximum Von Mises Stresses in Infraspinatus Muscle

Maximum stress in supraspinatus muscle was found to be 0.9553 MPa at 80° ROM.
As the abduction arm movement angle increases from 0° to 80°; the breaking down of
the infraspinatus muscle mass increases and is maximum at 80°. Thus maximum Von

Mises stresses gets induced in the infraspinatus muscle at 80°.

Table.4.4 Von Mises Stresses and Equivalent Elastic Strain on Infraspinatus

Muscle

Rotation Angle Von Misses Equivalent Elastic
ROM Stresses(MPa) Strain (mm/mm)

10° 0.1322 0.1101

20° 0.2407 0.2006

30° 0.3632 0.3026

40° 0.5197 0.4331

50° 0.6053 0.5044

60° 0.7129 0.5941

70° 0.8320 0.6933

80° 0.9553 0.7961

Maximum equivalent elastic strain in infraspinatus muscle was found to be 0.7961
mm/mm at 80° ROM.

4.1.5 Analysis of Teres Minor Muscle

Single teres minor muscle was modelled on the shoulder bone from the upper two
thirds of the rough strip on the dorsal surface along the lateral border. The same
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procedure was adopted (like deltoid muscle) for the FEM analysis to find out the Von
Mises stresses and an equivalent elastic strain. The results obtained are presented in
table 4.5.

Table.4.5 Von Mises Stresses and Equivalent Elastic Strain on Teres Minor

Muscle
Rotation Angle Von Misses Equivalent Elastic
ROM Stresses (MPa) Strain (mm/mm)
10° 0.0806 0.0672
20° 0.3027 0.2523
30° 0.3611 0.3009
40° 0.4198 0.3498
50° 0.6093 0.5078
60° 0.5559 0.4633
70° 0.8012 0.6676
80° 0.8544 0.7120

’ an-Mises) Stress - Top/Bottom
Unit: MPa

Time: 8

07/03/2015 8:32 PM

0.85448 Max
0.75954
0.66459
0.56965
0.47471
0.37977
0.28483

| 0.85448 MPa
o 0.094342
0 Min

.00 {mm)

Fig. 4.6 Maximum Von Mises Stresses in Teres Minor Muscle

Fig. 4.6 shows the Maximum Von Mises stresses in the teres minor muscle during
abduction arm movement. Maximum stress in teres minor muscle was found to be
0.8544 MPa at 80° ROM. As the abduction arm movement angle increases from 0° to
80°; the breaking down of the teres minor muscle mass increases and is maximum at

80° thus maximum Von Mises stresses gets induced in the teres minor muscle.
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Maximum equivalent elastic strain in teres minor muscle was found to be 0.71206
mm/mm at 80° ROM.

4.1.6 Group Muscle Analysis of Shoulder Joint

All the four rotor cuff muscles supraspinatus, subscapularies, infraspinatus, teres
minor and deltoid muscle were modelled on the shoulder bone at their ideal locations.
The same procedure was adopted (like deltoid muscle) for the FEM analysis to find
out the Von Mises stresses and an equivalent elastic strain. The results obtained are
presented in table 4.6.

Table 4.6 Von Mises Stresses and Equivalent Elastic Strain on the Deltoid
Muscle during the Group Muscle Analysis

Rotation Angle  Von Misses Equivalent Elastic
(ROM) Stresses (MPa) Strain (mm/mm)

10° 1.5900 1.325

20° 1.6932 1411

30° 1.7713 1.4761

40° 1.9209 1.6007

50° 2.0002 1.6668

60° 2.1163 1.7636

70° 2.2331 1.8609

80° 24127 2.0106

Type: Equivalent (von-Mises) Elastic Strain - Top/Bottom
Unit: mm/mm

Time: 8

1170372015 6:08 PM

2.0106 Max
17872

0.67019

Fig. 4.7 Equivalent Elastic Strain in Deltoid Muscle during the Group Muscle
Analysis
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Fig. 4.7 shows maximum equivalent elastic strain at the deltoid muscle during the

group muscle analysis for abduction arm movement. Maximum strain in deltoid

muscle was found to be 2.0106 mm/mm at 80° ROM. Maximum Von Mises stresses
in the deltoid muscle was found to be 2.4127 MPa at 80° ROM.Table 4.7 shows the

maximum Von Mises stresses at the supraspinatus, infraspinatus, teres minor and

subscapularies muscles during the group muscle analysis for abduction arm

movement.

Table 4.7 Von Mises Stresses in MPa on the Rotor Cuff Muscles during Group
Muscle Analysis

Rotation Angle (ROM)

Supraspinatus Infraspinatus Teres Minor

Subscapularies

10°
20°
30°
40°
50°
60°
70°
80°

0.1540
0.3215
0.4892
0.6234
0.7501
0.8728
1.1254
1.2160

0.1870
0.3012
0.4023
0.5832
0.6364
0.7821
0.9387
1.0474

0.1850
0.2021
0.2501
0.3214
0.3701
0.4301
0.4827
0.5482

0.1440
0.3214
0.4236
0.5972
0.7321
0.8235
0.9924
1.0830

Fig. 4.8 shows the maximum Von Mises stresses at the supraspinatus muscle during

the group muscle analysis for abduction arm movement.

Fig. 4.8 Von Mises stresses in Supraspinatus Muscle during the Group Muscle

Analysis
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4.1.7 Sensitivity Analysis of Shoulder Joint Muscle

The FEM analysis was done by adding five individual muscles and then adding five
muscles in a group, on the shoulder joint. This was done to analyze the individual
muscle performance as well as its function in the group muscle analysis during the
abduction arm movement. FEM shoulder model analysis was used to quantify the
most sensitive muscle during the abduction exercise for the given ROM.

Fig. 4.9 shows the behavior of muscles and their Von Mises stress values during the

abduction arm movement for individual muscle analysis.

80 1.6205
4.2175
70 1.4552
3.8718
g 60 1.3665
> 3.569
[«5)
a)
= 50 1.2219
S 3.0711
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o 2.4822 ® Subscapularies
(@]
g 30 0.72465 m Teres Minor
2.294 _
= Supraspinatus
20 0.44269 .
1.4146 ® [nfraspinatus
m Deltoid
10 0.18222
0.64012
0 1 2 3 4 5
Von Mises stresses in MPa

Fig. 4.9 Von Mises Stresses Distribution in the Shoulder Joint Muscles during
Individual Muscle Analysis for Abduction Arm Movement

Fig. 4.10 shows the behavior of muscles and their stress values during the abduction

arm movement of group muscle analysis.
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Fig. 4.10 Von Mises Stresses Distribution in the Shoulder Joint Muscles during
Group Muscle Analysis for Abduction Arm Movement

Fig. 4.11 shows the Von Mises stresses distribution of the deltoid muscle for different

ROM during abduction arm movement.
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Fig. 4.11 Von Mises Stresses Distribution of Deltoid Muscle
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Maximum Von Mises stresses in deltoid muscle during individual muscle analysis
was 4.2175 MPa and in a group muscle analysis was 2.4127 MPa. Fig. 4.12 shows the

Von Mises stresses distribution of the supraspinatus muscle for different ROM.

18 - 1.6205
1.6 - m Supraspiantus muscle

1‘2" i m Supraspiantus with All muscles 1.216
1
0.8
0.6 1 0.4431
0.4
0 I T T T T T T T
10 20 30 40 50 60 70 80

Range of Motion in Degrees

\Von Mises stress in MPa

Fig. 4.12 Von Mises Stresses Distribution of Supraspinatus Muscle

Maximum Von Mises stresses in the supraspinatus muscle during individual muscle

analysis was 1.6205 MPa and in a group muscle analysis was 1.216 MPa respectively.
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Fig. 4.13 Equivalent Elastic Strain Distribution in the Shoulder Joint Muscles
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Fig.4.13 shows an equivalent elastic strain values in the shoulder muscles during the
abduction arm movement.

The deltoid muscle was found to be the most sensitive muscle during abduction arm
movement in both the cases i.e. individual and group muscle analysis. The result
revealed that supraspinatus was the most sensitive muscle after the deltoid muscle,
during abduction arm movement in both the cases individual and group analysis.
Deltoid is the key muscle to be focused in case of injuries or after postoperative
treatment for the abduction arm movement. Orthopedic surgeons can enhance the
strength of the deltoid muscle with different treatment methods to maintain the normal
ROM.

4.2 CPM MACHINE TEST

Fifty asymptomatic shoulder prone patients of different genders and age groups were
tested on the developed CPM machine. The CPM machine was passed through series
of motions for different exercises such as adduction, abduction, flexion, elevation,
internal rotation and external rotation for 2 to 3 weeks. The test was conducted under
the observation of the orthopedic surgeon. Table 4.8 shows an increase in the ROM of
patients during two weeks of shoulder exercises on the developed shoulder CPM

machine. A test report is presented in the Appendix VI.

Table 4.8 Test Report of the Shoulder Joint Exercises on CPM machine

Exercise Range of Motion in Degrees

Day 01 02 03 04 05 06 O7 08 09 10 11 12 13 14 %R

IR 45 45 50 55 60 60 65 65 70 70 75 75 80 80 88.8
ER 40 40 45 45 45 50 50 55 55 60 65 65 70 70 777
Abduction 70 70 75 75 75 80 8 8 8 90 90 95 95 100 57.1
Adduction 60 65 65 70 70 75 75 80 8 8 8 90 95 100 57.1
Flexion 75 75 80 80 85 90 95 95 100 100 105 105 110 115 65.7
Elevation 75 75 80 80 85 8 90 95 100 100 105 110 115 115 65.7
PainScale 8 8 75 75 7 7 7 65 65 6 55 55 5 5 50

(IR= Internal Rotation; ER = External Rotation)
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% R is the percentage recovery of the patient and is calculated with respect to the

normal range of motion as shown in table 4.9.

Table. 4.9 Normal Range of Motion for the Shoulder Joint

Shoulder Exercise Range of Motion in Degrees
Abduction/Adduction 0to 175
Internal/external rotation -90to 90
Flexion/elevation 0to 175

Fig. 4.14 shows the subjects improvement in the ROM on weekly basis after
exercising on the developed shoulder CPM machine. This data will be useful for the
orthopedic surgeon for understanding the progress of the subject on daily basis and
accordingly prescribe the physiotherapy treatment to achieve normal ROM. This

percentage improvement is not compared to the normal range of motion.

50 -
45 -

40
40 -
35 - 30 31.81 31.85
30 28.57
25
;g 1 18.7 20 21.73
136
15
10
5
0 T T T T T

Internal External Abduction Adduction  Flexion Elevation
Rotation Rotation
Shoulder Exercise

43.75
42.85 mEWeek1 mWeek 2

ROM Improvement in %

Fig. 4.14 Percentage Improvement in the Shoulder ROM on Weekly Basis

Orthopedic Surgeons Remarks:  After two weeks of shoulder exercise on the
CPM machine the subject’s pain and range of motion improved by 65% to 88% as
compared to normal range of motion. Three months back the patient has undergone a
surgery of supracondylar fracture (humerus), he needs further two to three weeks of

shoulder therapy on the CPM machine. The progress is satisfactory.

The reports attested that low cost CPM machine is full proof, comfortable and
functioned satisfactorily for the shoulder arm exercises. The cost of the CPM exercise
is also less and affordable to the common patients. This tested CPM machine was
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further used to analyze the shoulder muscle behavior using SEMG on different

shoulder prone patients.

4.3 MUSCLE ANALYSIS BY SEMG

Twelve asymptomatic shoulder prone subjects of different genders and age groups
were tested using SEMG on the developed CPM machine. The SEMG machine was
passed through a series of motions for abduction arm movement for five days.The test
was conducted under the observation of a Neurophysiotherapist surgeon in Talpallikar

Physiotherapy center, Solapur, India.

Table 4.10 shows the maximum amplitude of motor unit firing angle occurred in

deltoid muscle at different ROM during abduction arm movement by SEMG.

Table 4.10 Maximum Motor Unit Firing during the Abduction Arm Movement

ROM in degrees for maximum amplitude display

Movements Day 1 Day 3 Day 5 Day 7 Day9
Abduction 60° 70° 75° 85° 95°
Adduction 65° 70° 80° 85° 90°
Pain scale 7 6.5 6 55 5

The maximum motor unit firing occurred at the different ROM in the shoulder
muscles during abduction arm movement by SEMG machine was studied. The
shoulder movement was very slow and continuous as the patients were under post-
operative treatment; suffering from the pain and injuries. As the exercise was done for
the passive motion, the motor unit firing range was kept small. Due to pain the
movement gets restricted, which causes shortening (contraction) of the muscle. There
was not significant variation in the motor unit firing amplitude of the muscles, only
seven out of twelve patients have shown the appreciable change in the motor unit
amplitude i.e. stress behavior. Table 4.11 shows the rotor cuff and deltoid muscle
contraction against the ROM on the ninth day of the subject 02 during abduction arm

movement. The EMG test report of patient 02 has been attached in Appendix VII.
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Table 4.11 Shoulder Muscles Contraction during Abduction Arm Movement

ROM in Deltoid  Supraspinatus Infraspinatus Subscapularies Teres Minor

Degrees (nV) (nV) (nV) (nV) (nV)
45 0 0 0 0 0
50 0 0 0 0 0
55 125 125 0 100 0
60 0 0 75 50 0
65 50 75 50 50 25
70 225 125 75 0 25
75 325 175 75 75 25
80 300 225 75 25 25
85 200 125 0 50 50
90 75 0 0 0 25
95 0 0 0 0 25

Fig. 4.15 shows the amplitude variation against ROM of patient 02 in rotor cuff and

deltoid muscles during SEMG testing.

Amplitude in Micro Volt
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Range of Motion in Degrees

Fig. 4.15 Motor Unit Firing Against ROM in Shoulder Muscles

The maximum motor unit firing of deltoid muscle was observed in the range from 75°

to 85° and that of supraspinatus muscle at 75°. The same trend was observed in the
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test conducted on remaining subjects for deltoid and supraspinatus muscles. The plot
of amplitude against ROM of deltoid and supraspinatus muscles for the remaining six
SEMG tested subjects is as shown in Fig. 4.16 and Fig. 4.17.
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Fig 4.16 Motor Unit Firing against ROM in Deltoid Muscle during Abduction
Arm Movement
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Fig. 4.17 Motor Unit Firing against ROM in Supraspinatus Muscle during
Abduction Arm Movement

From the Fig. 4.16 and 4.17 , it can be observed that muscle contraction for all the

subjects during abduction arm movement is maximum in the range of 70° to 90°

(average 80°) of the ROM.
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4.4 DISCUSSIONS

The primary aim of the present work was to analyze the stresses induced in different
shoulder joint muscles during the abduction arm movement using 3D FEM model.
Reverse modeling was used for fast and accurate 3D model generation and the
shoulder muscle analysis. Modeling of bones in CATIA V5 without any background
help was difficult and impracticable. The free form option in CATIA V5 was not
useful for modeling the complicated and irregular objects such as human bones. The
minute detailing required during the modeling of ligaments, tendons and muscles was
not so easy in CATIA V5 which is good for surface modeling. Therefore scanning of
the complicated shoulder bones was done by ATOS IIl 3D scanner to generate
accurate and detailed contours. 3D multiple scanning of the bones to obtain a point-
cloud model was finalized in the present work. 3D bone geometry of the shoulder
model was done in CATIA V5 software from the scanned .stl file. The geometrical
features of higher order (curve and surfaces) were designed by filtering and aligning
number of cloud points, tessellation of polygonal model, recognition and defining the
referential geometrical entities. According to quadratic dependency, a non-
homogeneous bone constitutive law was implemented (Terrier et al., 1997,
Rakotomanana et al., 1999).

Muscles were added on the shoulder joint model in CATIA V5. The 3D model was
imported in .igs format into ANSYS 13 workbench for stress analysis. The kinematics
for shoulder abduction arm movements were prescribed as an input to finite element
simulations and the resulting muscles Von Mises stresses and an equivalent elastic
strain were plotted. Careful alignment of the five muscles on humerus, scapula and
clavicle were done. Muscle initialization and precise location on shoulder bones were
done and was conferred by Blemker and Delp (2005). The efficacy of the
glenohumeral joints model i.e. humerus, clavicle, scapula depends on the positioning,
orientation and maintaining proper gap amongst the three bones during abduction arm
movement. In the present FEM analysis there was no clash between bone to bone,
muscle to muscle and muscle to bone during full ROM of shoulder joint. The muscle
thickness varied from 2 mm to 6 mm along with its length to create a proper volume
of tissue over the shoulder bones. This ensured the real time behaviour of the shoulder

joint with the animated one.
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During the individual deltoid muscle analysis, the Von Mises stresses induced in
deltoid muscle was maximum (4.2175 MPa) compared to other individual four rotor
cuff muscles and the results obtained are mentioned in table 4.12.

Table. 4.12 VVon Mises Stresses Distribution in the Rotor cuff and Deltoid
Muscle during Individual Muscle Analysis

Muscles Deltoid  Supraspinatus Infraspinatus Teres Minor Subscapularies

Stresses in MPa 42175 1.6205 0.95537 0.85448 1.3539

m Deltoid
m Supraspinatus

10.61% .
Infraspinatus

m Teres Minor

= Subscapularies

Fig. 4.18 Von Mises Stresses Distribution in the Rotor cuff Muscles and Deltoid
during Individual Muscle Analysis

Fig. 4.18 shows the VVon Mises stress distribution in shoulder joint muscles during

individual muscle analysis. The percentage analysis of individual muscles

contribution for abduction arm movement was found and 46.85% of the total Von

Mises stresses were distributed in the single deltoid muscle only. Deltoid is the most

sensitive muscle.

Table. 4.13 Von Mises Stresses Distribution in the Rotor cuff and Deltoid
Muscle during Group Muscle Analysis

Muscles Deltoid  Supraspinatus Infraspinatus Teres Minor Subscapularies

Stresses in MPa  2.4127 1.216 1.0474 0.54826 1.083

During the group muscle analysis, Von Mises stresses obtained in deltoid muscle was
maximum (2.4127 MPa) compared to other individual four rotor cuff muscles during
abduction arm movement and the results obtained are mentioned in table 4.13.
Fig. 4.19 shows the Von Mises stress distribution in shoulder joint muscles during
group muscle analysis.
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Fig. 4.19 Stress Distribution in the Rotor cuff Muscles and Deltoid during
Group Muscle Analysis
There was 6.60 % of variation observed in Von Mises stresses distribution in the
deltoid muscle during individual analysis (46.85%) and group muscle analysis
(38.25%). These excess 6.60% stresses were distributed amongst the other four rotor
cuff muscles during the group muscle analysis. The deltoid muscle was the most
sensitive muscle in both the analysis during shoulder abduction arm movement. The
maximum Von Mises stresses induced was at 80° abduction angle in both the
analysis. The equivalent elastic strain analysis also predicted the same trend in

shoulder muscles as mentioned in table 4.14.

Table. 4.14 Equivalent Elastic Strain (mm/mm) in the Rotor cuff and Deltoid
during Group Muscle Analysis

Teres
Muscles Deltoid Supraspinatus Infraspinatus Mi Subscapularies
inor
Strain (mm/mm) 3.5146 1.3504 0.79614 0.71206 1.1283

4.4.1 Comparison of FEM Analysis Results with SEMG Analysis

Presently SEMG is the only feasible method to analyse the muscle contraction (stress)
levels in the living objects. SEMG is used to analyze the muscles behavior during the
human arm movements. The current SEMG set up has quantified the muscle behaviour
in the shoulder joint during the abduction arm movement on the developed CPM
machine. SEMG is closely related to muscles contraction and is an indicator of the
associated actions. In the present work two channel passive electrode surface
electromyography (SEMG) was used to measure the muscle contraction during the
abduction arm movements.
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A case study of the patient 02 is considered for the analysis, the percentage variation
in the muscle contraction of the deltoid and supraspinatus muscle was observed in the
range of 75° to 85°. The variation in the muscle contraction in Micro volts and
percentage variation in the muscle contraction of the rotor cuff and deltoid muscles
during SEMG analysis is as mentioned in table 4.15 and table 4.16.

Table. 4.15 Muscles Contraction in the Shoulder Muscle during SEMG Analysis

ROM in Deltoid Supraspinatus Infraspinatus Subscapularies  TeresMinor

Degrees  (nV) (nV) (nV) (V) (V)
75 325 175 75 75 25
80 300 225 75 25 25
85 200 125 0 50 50

m Deltoid

m Supraspinatus
Infraspinatus

m Subscapularies

m Teres Minor

e

Fig. 4.20 Percentage Variation in the Muscle Contractions of Rotor cuff and
Deltoid Muscles during Abduction Arm Movement by SEMG at 75°

3.859 5%
m Deltoid
m Supraspinatus
Infraspinatus
m Subscapularies
m Teres Minor

Fig. 4.21 Percentage Variation in the Muscle Contraction of Rotor cuff and
Deltoid Muscles during Abduction Arm Movement by SEMG at 80°
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Table. 4.16 Percentage Muscle Contractions of the Shoulder Joint Muscles at
Different ROM

ROM Deltoid  Supraspinatus Infraspinatus Subscapularies Teres
Degrees % % % % Minor %
75 48.15 25.92 11.11 11.11 3.71
80 46.15 34.62 11.53 3.85 3.85
85 47.05 29.41 0.00 11.77 11.77

m Deltoid

m Supraspinatus
Infraspinatus

m Subscapularies

® Teres Minor

Fig. 4.22 Percentage Variation in the Muscle Contraction of Rotor cuff Muscles
and Deltoid Muscle during Abduction Arm Movement by SEMG at 85°

During the SEMG muscle analysis, the muscle contraction (stress) obtained in deltoid
muscle was maximum (325 pV; 300 uV and 200 pnV) as compared to other rotor cuff

muscles at different ROM as shown in table 4.15.

The percentage analysis of individual muscles contribution for abduction arm
movement predicted by SEMG analysis is 48.15%, 46.15% and 47.05% in the deltoid
muscle. Deltoid is found to be the most stressed (contracted) muscle by the SEMG
analysis as compared to other rotor cuff muscles during the abduction arm movement.
The maximum muscle contraction has occured in the range of 75° to 85° of the ROM.
Fig. 4.20, Fig 4.21 and Fig.4.22 shows the percentage variations of shoulder joint

muscle contraction for different ROM.

Though SEMG measures the electrical activity within a muscle; not the muscle
force/stress directly. In the present work the maximum muscle contraction trends
were considered for the comparision of the FEM analysis results on the shoulder
muscle.The SEMG trends showed that maximum contraction during abduction arm
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movement was in the deltoid muscle and then in supraspinatus muscle. The maximum
motor unit firing (contraction; stress) during abduction was in the deltoid muscle
probes of the SEMG machine. The maximum motor unit shoots were observed in the
range of 75° to 85° during abduction arm movement.

Thus it can be concluded that the deltoid muscle is the most sensitive muscle in the
shoulder joint during abduction arm movement. The maximum muscle contraction for
all the patients during abduction arm movement was maximum in the range of 75° to
85° (‘average 80°) of the ROM. Deltoid and supraspinatus muscles are the initiator of
the abduction arm movement. This will help the Orthopedic surgeon to develop and
focus on the new therapy to strengthen the deltoid muscle during abduction arm
movement. Different physiotherapy treatment on the deltoid muscle for expediting
recovery process can be done for attaining the normal ROM.

4.4.2 Comparison of FEM Results with Previous Work

Comparing the FEM results is a complicated task as the model to be validated is
dimensionally complex with many components involved in the analysis. It becomes
more challenging in the joint like shoulder where the degree of asymmetry and the

variation in the muscle functions are unpredictable.

Webb et al. (2014) has developed a 3D model of the deltoid muscle and rotor cuff
muscles of the shoulder joint to study the muscle behavior during abduction, internal
and external rotation exercises. The study was carried out to measure the maximum
displacement in cm of the shoulder joint muscles The results foreseen that the deltoid
abduction moment arms range from 0 cm to 2.5 cm maximum; whereas the
supraspinatus abduction moment arms range from 2 cm to 1 cm maximum and rest of
the muscles had less moment arm than these two muscles during abduction arm
movement from 0° to 90°. In the present work the stress sensitivity analysis is carried
out amongst the five major muscles of shoulder joint in individual and group muscle
analysis. The maximum muscles stress was at 80° in the deltoid muscle during
abduction arm movement. As during the shoulder movement the muscle mass
breaking is maximum than muscle synthesizing at 80°, therefore maximum stress will
generate at 80°and the same trend was observed by Webb et al. (2014) in the

displacement analysis.
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A mathematical model was developed by J Dul, (1988) to quantify the shoulder
muscle load, joint load and endurance time in work situations. This model was used to
analyse the force acting on the shoulder during elevation arm movement. The input to
the model was load on shoulder joint in kilograms and the output was deltoid force
(Fq), supraspinatus force (Fs) and resultant of Fq and Fs (R). The results are plotted in
Fig.4.23.

Matlab programming of the mathematical model was prepared in the present work for
analyzing the behavior of the supraspinatus; deltoid and the glenohumeral joint during
elevation arm movement for different loads (Appendix VII1). The graphical trends
predicted that the maximum force was induced in supraspinatus muscle than the
deltoid muscle. At 80° of arm elevation the maximum force calculated by the
mathematical model was 94N on the deltoid muscle and 194N on the supraspinatus
muscle. This study was carried out for the elevation arm movement in which the palm
is facing forward, the arm raised straight up and away from the body at 175° angle as

shown in Fig. 4.24.
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(a) (b)
Fig 4.24 Arm Movement during (a) Elevation and (b) Abduction

The present work is focussed on the abduction arm movement in which the palm is
facing inward (thumb out/ up) and the arm is raised out to the side and up toward the
ear keeping arm straight at 175° angle as shown in Fig. 4.24. The present research
results predicted that the maximum Von Mises stress were induced in the deltoid
muscle during abduction arm movement. The deltoid muscle is the most sensitive
muscle than the other four rotor cuff muscles in the abduction arm movement.
Whereas the Supraspinatus muscle is the most sensitive muscle in elevation arm

movement observed by Dul (1988).

The shoulder arm movement plane and the location of muscle are the two important
parameters for the shoulder muscle analysis. As both the exercises (abduction and
elevation) are done at the same point (shoulder joint) but in two different planes,
therefore the maximum force/stress will be induced on the muscle which is opposite
to the shoulder arm movement. Supraspinatus muscle is located opposite to the arm
movement during elevation and deltoid muscle is located opposite to the arm
movement during abduction. Therefore the maximum stress will get induced in the

deltoid muscle during the abduction arm movement.

4.4.3 Remarks of Orthopedic Surgeons

Abduction is the range of movement, in which the arm is moving away from the
midline of the body. Abduction arm movement is due to synergistic action of the three
muscles; deltoid muscle contraction (initial ROM) followed by the supraspinatus
contraction and then finally trapezius contraction. Deltoid is the only muscle in the

arm having the fibers coming anteriorly, middle and posterior aspects and follows up
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the shoulder arm movement. It is the initiator and follower of the abduction arm
movement and is the most active shoulder muscle. The deltoid muscle is the most
stabilizer muscle of the shoulder joint movement; especially the anterior deltoid
provides the maximum stability than the posterior deltoid during abduction arm
movement. During abduction arm movement the tension in the muscle will be
maximum in the range of 70° to 80° and nullifies when reaches at the 90°. This is
mainly due to the muscle mass breaking which is very high as compared to the
synthesizing of the muscle mass in the range of 70° to 80°.

The present 3D FEM results of the shoulder joint muscles are in agreement with the
the trends of SEMG tests conducted on the twelve patients. The results are also in
agreement with the work done by Dul J et al. (1988), William Porter et al. (2010) and
Wehbb et al. (2014). Deltoid muscle is the most sensitive muscle during the abduction
arm movement. The present work will help researchers and orthopedicians for a better
understanding of the shoulder joint mechanism and the most sensitive muscle during
the abduction arm movement at different ROM. The orthopedic surgeons can take the
corrective measures and focus their therapy to accelerate the healing process of the

deltoid muscle by using various medication or physiotherapy techniques.
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CHAPTER 5

RESULTS AND DISCUSSIONS: ANALYSIS OF KNEE JOINT

The previous chapter conferred about the different steps implemented to generate 3D
FEM model for the knee joint. The post-processing was done in the ANSYS APDL
software. The SEMG test conducted on eight patients during flexion movement was
also discussed at length. The present chapter discusses the results of the 3D FEM
analysis. Results of FEM analysis have been compared with the knee muscles test

conducted by SEMG on a knee CPM machine and also with the previous work.

5.1 FEM ANALYSIS

The knee CAD model was imported in ANSYS APDL software for post-processing.
Static analysis was done and the results of Von Mises stresses and an equivalent
elastic strain were plotted and analyzed. The analysis was done for the rectus femoris
and biceps femoris muscles of the knee joint. The maximum stressed muscle during

flexion leg movement is analyzed and discussed in detail.
5.1.1 Analysis of Rectus Femoris and Biceps Femoris Muscles

Rectus femoris muscle was modelled on the knee bone from the patella; it is
cylindrically shaped at the center, with its width narrowing at the ends and running
straight down to the deep apo-neurosis and other end is connected to the hip.
Similarly biceps femoris originates from the back side of the fibula and passes
obliquely downward and lateral ward across covering the posterior surface of the
femur bone to connect on the back end of the hip.

The results obtained from FEM analysis for the Von Mises stresses are mentioned in
table 5.1. The simulation was done in nine steps for nine seconds and each second
corresponds to 10° of rotations, the motion was chosen to be pure rotation along the
knee joint in a single plane, required for flexion leg movement. Probes were added at

six different locations in the knee muscles.
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Table 5.1 Von Mises Stresses on Rectus Femoris Muscle

Rotation Von Misses
Angle (ROM)  Stresses in MPa

10° 0.28535
20° 0.91502
30° 1.2942
40° 1.4137
50° 1.3443
60° 1.5579
70° 1.0498
80° 1.335

90° 0.82046

Fig. 5.1 shows the maximum Von Mises stresses in the rectus femoris muscle during

flexion leg movement.

A: Static Structural
Equivalent Stress
Type: Equivalent {(von-Mises) Stress - Top/Bs
Unit: MPa

Time: 6

23/11/2015 11:10 AM

1.5579 Max
0.15579
0.13632
0.11684
0.097369
0.077895
0.058422
0.038948
0.019474

0 Min

300.00 (rmm)

ooy
75.00

225.00

Fig. 5.1 Maximum Von Mises Stresses in Rectus Femoris Muscle

The muscle gets contracted as the knee joint is rotated from 0° to 90° during flexion

leg movement. The muscle mass gets broken down and being synthesized with

different rates during the movement of the leg. If the rate of breaking and synthesizing

of the muscle mass is maintained (equal) then there will be no stresses induced in the

knee muscles. If this rate is not maintained then the net effect will be the tissue

formation around the joint and this induces the stresses in the knee muscle movement.

Maximum Von Mises stress is in the range of 55° to 65° during flexion leg movement

and then it declined. The maximum Von Mises stresses in the rectus femoris muscle

was 1.5579 MPa at 60° ROM during flexion leg movement.
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Fig. 5.2 Von Mises Stresses at Rectus Femoris Muscle during Flexion Leg
Movement from 10° to 90°

As the flexion leg movement angle increases from 0° to 90°; the breaking down of the
muscle mass increases and is maximum at 60° thus maximum Von Mises stresses gets
induced in the knee muscle. The muscle mass breaking than synthesizing was more in
the range of 50° to 70° ROM.

52 CPM MACHINE TEST

Fifty asymptomatic knee prone patients of different genders and age groups were
tested on the developed knee CPM machine. The CPM machine was passed through
series of motions for flexion and extension leg movement for 2 to 3 weeks. The test
was conducted under the observation of the orthopedic surgeon. Table 5.2 shows the
growth in the ROM of the patient during two weeks of the knee exercises on the

developed knee CPM machine. (Appendix 1X)

Table 5.2 Test Report of the Knee Joint Exercises on CPM Machine

Exercise Range of Motion in Degrees

Day 01 02 03 04 05 06 0/ 08 09 10 11 12 13 14 %R

Flexion 45 50 55 60 65 65 70 70 75 80 8 8 95 95 79
Extension 40 50 55 55 60 65 70 7 75 80 90 90 95 100 83
Pain Scale 85 85 8 8 75 75 6 6 55 5 45 4 35 35 65
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% R is the percentage recovery of the patient and it is calculated with respect to the

normal range of motion of the knee joint and is mentioned in table 5.3,

Table 5.3 Normal Range of Motion for the Knee Joint Movement

Shoulder Exercise Range of Motion in Degrees
Flexion 0to 120
Extension -120t0 0

Fig. 5.3 shows the improved ROM on the daily basis in the patients by using Knee
CPM machine. This data will be useful for the orthopedic surgeon to understand the
progress of the patients on regular basis and accordingly prescribe the medication and
physiotherapy treatment to accelerate the healing and achieve the normal ROM. This
% improvement is not compared to the normal range of motion. It is compared with
the first day ROM of the subject.

70 -
. 60
60 - m Flexion
S m Extension 52.63
£ 50 - 46.67
5
g 40 - 33.33 35.7
5 30.7
2 30 -
E
= 20 -
@)
x
10 -
O T T 1
5 8 14
No of Days of Exercise on CPM

Fig. 5.3 Percentage Improvement in Knee ROM during Exercise on CPM Machine

Remarks of Orthopedic Surgeons: After two weeks of knee exercise on the CPM
machine; subject’s pain and range of motion improved by 79 % in flexion and 83% in
elevation leg movements as compared to the normal range of motion. Two months
ago the patient had met with a minor accident in which his left leg was injured. He
needs further one week knee therapy on the CPM machine to get normal ROM. The
progress is satisfactory. The reports attested that low cost knee CPM machine is full
proof, comfortable and functioned satisfactorily for the knee leg movement. The cost
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of the CPM exercise was also less and affordable for the knee joint patients. This
tested CPM machine was further used to analyze the knee muscle behavior by using
SEMG test on different patients.

5.3 MUSCLE ANALYSIS BY SEMG

Eight asymptomatic knee prone patients of different genders and age groups were
tested by SEMG on the developed CPM machine. The SEMG machine was passed
through series of motions for flexion leg movement for five days. The test was
conducted under the observation of the Neurophysiotherapist surgeon in Talpallikar

Physiotherapy center, Solapur, India.

Table 5.4 shows the maximum amplitude motor unit firing angle by SEMG test in the

knee joint muscles during flexion leg movement.

Table 5.4 Maximum Motor Unit Firing Angle by SEMG Test on CPM Machine

ROM in degrees for maximum amplitude display

Movements Day 1 Day 3 Day 5 Day 7 Day9
Flexion 60 65 70 80 90
Extension 65 70 75 85 90
Pain Scale 6 55 5 4 3

Table 5.5 shows the motor unit firing at different ROM in the rectus femoris and
biceps femoris muscles during flexion leg movement by SEMG. The knee joint
movement was very slow and continuous as the patients were under post-operative
treatment; suffering from the knee pain and injuries. The exercise was done during the
passive movement of the muscles; therefore the motor unit firing range was small.
Due to pain the movement gets restricted, which causes shortening (contraction) of
the muscle and the motor unit firing was observed. There was not significant variation
in the motor unit firing amplitude of the muscles. Only five out of eight subjects have
shown the appreciable change in the motor unit amplitude i.e. stress behavior. Table
5.5 shows the rectus femoris and biceps femoris muscles contraction against the ROM
on the ninth day of the patients exercise on the CPM machine during flexion leg

movement. The SEMG test reports of patient 01 are attached in Appendix X.
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Table 5.5 Rectus Femoris and Biceps Femoris Contraction during Flexion

ROM in Rectus Femoris Biceps Femoris
Degrees (V) (V)
15 0 0
20 75 0
25 70 75
30 175 75
35 200 100
40 250 175
45 275 75
50 225 100
55 50 25
60 0 125
65 0 75

70 0
75 0
80 0

Fig. 5.4 shows the motor unit firing against ROM of the subject 01 in rectus femoris

and biceps femoris during SEMG testing on the developed knee CPM machine.
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Fig. 5.4 Motor Unit Firing against ROM in Rectus Femoris and Biceps Femoris
Muscles by SEMG

The maximum motor unit firing in the rectus femoris muscle was observed in the

range of 40° to 60° and that of biceps femoris muscle at 45°. The same trend of motor
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unit firing was observed in the test conducted on the remaining subjects for the rectus
femoris and biceps femoris muscles. The plot of amplitude against ROM of the rectus
femoris and biceps femoris muscle of the remaining four subjects is as shown in Fig.
5.5 and Fig. 5.6.
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Fig. 5.5 Motor Unit Firing against ROM in Rectus Femoris Muscle during
Flexion Leg Movement
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Fig. 5.6 Motor Unit Firing against ROM in Biceps Femoris Muscle during
Flexion Leg Movement

From the Fig. 5.5 and Fig 5.6, it was found that the maximum muscle contraction of
all the subjects during flexion leg movement was in the range of 45° to 65° of the

ROM. As the flexion leg movement angle increases from 0° to 90°; the breaking
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down of the muscle mass increases and is maximum in the range of 45° to 65°,thus

maximum Von Mises stresses gets induced in the knee muscle.

5.4 DISCUSSIONS

The primary aim of the present work was to analyze the stresses induced in the major
knee joint muscles during flexion leg movement by using 3D FEM model. Reverse
modeling was used for the fast and accurate 3D model generation and the knee muscle
stress analysis. Modeling of knee bones in CATIA V5 without any background help
was very difficult and impractical. The free form option in CATIA V5 was not useful
for modeling the complicated and irregular objects such as human bones. The minute
detailing required during the modeling of ligaments, tendons and muscles was not so
easy in CATIA V5 which is good for surface modeling. Therefore scanning of the
complicated knee bones was done by ATOS IIl 3D scanner to generate accurate and
detailed contours. 3D multiple scanning of the bones to obtain a point-cloud model
was finalized in the present work. 3D bone geometry of the knee model was done in
CATIA V5 software from the scanned .stl file. The geometrical features of higher
order (curve and surfaces) were designed by filtering and aligning number of cloud
points, tessellation of polygonal model, recognition and defining the referential
geometrical entities. According to quadratic dependency, a non-homogeneous bone

constitutive law was implemented.

Muscles were added on the knee joint models in CATIA V5. The model was imported
in .igs format into ANSYS workbench for the Von Mises stress analysis. The
kinematics for knee flexion leg movements were prescribed as an input to finite
element simulations and the resulting muscles stresses were plotted. Careful
alignment of the two muscles on fibula, patella, tibia and femur were done. Muscle
initialization and precise location on knee bones were done (Blemker and Delp,
2005). The efficacy of the human joints model depends on the positioning, orientation
and maintaining proper gap amongst the bones during flexion leg movement (Van der
Helm, 1994). In the present FEM analysis there was no clash between knee bone to
bone, muscle to muscle and muscle to bone during full range of motion. The muscle

thickness varied from 5mm to 15mm along with its length to create a proper volume
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of tissue over the knee bones. This ensured the real time behaviour of the knee joint
with the animated one. During the muscle analysis, the Von Mises stresses induced in
rectus femoris muscle was maximum (1.5579 MPa) compared to biceps femoris
muscle. The maximum Von Mises stresses induced was in the range of 50° to 70°

flexion angle during the FEM analysis.
5.4.1 Comparison of FEM Analysis Results with SEMG Analysis

Presently SEMG is the only feasible method to analyse the muscle contraction (stress)
levels in the living objects. SEMG is used to analyze the muscles behavior during the
human leg movements.The current SEMG set up has quantified the muscle behaviour
in the knee joint during the flexion knee movement on the developed CPM machine.
SEMG is closely related to muscles contraction and is an indicator of the associated
actions. In the present work two channel passive electrode surface electromyography
(SEMG) was used to measure the muscle contraction during the human leg

movements.

Table 5.6 Maximum Contraction in Rectus Femoris and Biceps Femoris Muscle
during SEMG Analysis at Different ROM in five Subjects

Subjects Number ROM SEMG Amplitude (pV)
in Degrees Rectus Femoris Biceps Femoris
01 40 250 175
45 275 75
50 225 100
02 50 175 75
55 225 100
60 125 150
03 50 175 75
55 275 120
60 100 100
04 50 225 50
55 175 50
60 50 25
05 45 200 125
50 125 75
55 200 50
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Table 5.6 depicts the muscle contraction of the knee joint during the flexion leg
movement by SEMG on the knee CPM machine. The maximum motor unit firing of
the five patients is used for the rectus femoris and biceps femoris muscle analysis.
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Fig. 5.7 Percentage Variation Muscle Contraction in the Rectus Femoris and
Biceps Femoris Muscle during SEMG Test
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It was found that during the SEMG analysis the maximum muscle contraction for all
the subjects during flexion leg movement was in the range of 40° to 70° (average
55°). Fig. 5.7 shows the percentage variation in the muscle contraction of rectus
femoris and biceps femoris muscle during SEMG analysis at different ROM of the

five subjects.

During the SEMG muscle analysis of the five subjects, the muscle contraction
(stress) obtained in rectus femoris muscle was maximum (275 pV; 225 uV; 275 pv;
225 pV and 200 pV) compared to biceps femoris muscle (175 uV; 150 uV; 120 pVv;
50uV and 125 pV) at different ROM during flexion leg movement and are mentioned
in table 5.6. It was found that around 70% of the total Von Mises stresses were
distributed in rectus femoris muscle during the flexion leg movement.

Though SEMG measures the electrical activity within a muscle; not the muscle
force/stress directly. In the present work the maximum muscle contraction trends
were compared with the 3D FEM analysis results of the knee joint muscle. The
SEMG trends showed that maximum contraction during flexion leg movement is in
the rectus femoris muscle than the biceps femoris muscle. The maximum motor unit
firing (contraction; stress) was observed in the rectus femoris muscle probes in range
of 50° to 70° during flexion leg movement. Thus rectus femoris muscle is the most
stressed muscle in the knee joint during flexion leg movement. This will help the
Orthopeic surgeon to develop and focus on the new therapy to strengthen the rectus

femoris muscle during flexion leg movement.
5.4.2 Comparison of FEM Results with Previous Work

Comparing the FEM results is a complicated task as the model to be validated is
dimensionally complex with many components involved in the analysis. It becomes
more challenging in the joint like knee where the degree of asymmetry and the

variation in the muscle functions are unpredictable.

Edith et al., (2010) developed a knee 3D model to analyse the force and moment
generation capacity of the lower limb muscle during walking. The maximum
extension leg moment peaked in the biceps femoris muscle was 4.7 cm at 25° of the
knee elevation compared to 3 cm at 55° of the knee flexion. The maximum force

peaked in the biceps muscle was more during extension leg movement than during the
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flexion leg movement. During the flexion leg movement, the maximum moment
peaked was 13.9 cm in the rectus femoris muscle compared to 11.6 cm in the biceps
femoris muscle. During flexion leg movement the peak force in rectus femoris muscle
was 848.8 N compared to 705 N in biceps femoris muscle in the range of 40° to 70°
of the ROM. During flexion leg movement the maximum force was generated in the
rectus femoris muscle than the biceps femoris muscle.

In the present 3D FEM analysis the maximum Von Mises stresses are observed in the
rectus femoris muscle during flexion leg movement is 1.5579 MPa. As during the
knee joint movement the muscle mass breaking is maximum than muscle synthesizing
at 60°, therefore maximum stress will generate at 60°in the rectus femoris muscle and
the same trend was observed by Edith et al. (2010) in the lower limb muscle force and
moment analysis during walking.

Mohsen et al., (2007) has developed 3-D finite element (FE) model for human
buttocks to analyze the Von Mises stresses distribution in the skin, fat and thigh
muscles. The model was validated for the soft tissue displacement with the MRI
images of the buttock—thigh in a sitting posture for the same loading condition. The
results predicted that the high compressive pressure in the soft tissue thigh muscle
was in the range of 55-65 KPa.

In the present 3D FEM analysis the maximum Von Mises stresses are observed in the
rectus femoris muscle during flexion leg movement is 1.5579 MPa. As during the
knee joint movement the muscle mass breaking is maximum than muscle
synthesizing, therefore maximum stress will generate at 60°in the rectus femoris
muscle and the same trend was observed by Mohsen et al., (2007) during the Von
Mises stresses distribution in the skin, fat and thigh muscles.

Ashutosh et al. (2014) have developed a 3D knee joint model to analyze the Von
Mises stresses at the different loads conditions and weights. Scanning of the knee
bones were done to get the correct dimensions, contours and profile of the bones. The
3D model is generated in Pro-Engineer Wildfire 4.0 modelling software. The FEM
analysis was done in ANSYS software to get the Von Mises stresses at different
loads. The results predicted that the maximum Von Mises stresses were in the range
of 1.7MPa to 4.8 MPa acting on the knee joints muscles (upper femur part) when the
femur part was fixed and load was applied on the tibial load during flexion leg

115



movement. The maximum Von Mises stresses were in the range of 12MPa to 30 MPa
acting on the knee joints (upper femur part) when the femur part was fixed and load
was applied on the tibial load during stair climbing (walking). The researcher has
applied a load (490 N to 2448N) on tibial during the FEM analysis.

In the present 3D FEM analysis, external load is not applied on tibial, as the analysis
is carried on the post-operative patients during flexion leg movement. Therefore the
maximum Von Mises stresses in rectus femoris muscle during flexion leg movement
(1.5579 MPa). In the present work due to passive motion condition, the stress values
are less compared to the maximum Von Mises stresses in the range of 1.7MPa to 4.8
MPa observed by Ashutosh et al. (2014).

5.4.3 Orthopedic Surgeons Remarks

Flexion is the range of movement at the hip, in which the leg is moving around a knee
joint such that angle between the femur and tibia goes on decreasing. It is a fusiform
superficial fiber arranged in a twin-edged manner. It is the initiator and follower of
the flexion leg movement and is the most active knee muscle. The rectus femoris and
biceps femoris muscles are the most stabilizer muscle of the knee joint movement.
During flexion leg movement the tension in the muscle will be more in the range of
50° to 70° and nullifies when it reaches at 80° ROM. This is mainly due to the rectus
femoris muscle mass breaking is more compared to the synthesizing of the muscle
mass in the range of 50° to 70°.

The present 3D FEM results of the knee joint muscles are in agreement with the
trends of SEMG tests conducted on the eight patients. The results are also in
agreement of the work done by Edith et al. (2010), Mohsen et al., (2007), Ashutosh et
al. (2014). The rectus femoris muscle is the most stressed muscle during the flexion

leg movement.

The present work will help researchers and orthopedicians for a better understanding
of the knee joint mechanism and the most stressed muscle during the flexion leg
movement at different ROM. The orthopedic surgeons can take the corrective
measures and focus their therapy to accelerate the healing process of the rectus

femoris muscle by using various medication or physiotherapy techniques.
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CHAPTER 6

CONCLUDING REMARKS AND SCOPE FOR FUTURE WORK

This chapter concludes the findings of the present research work carried out to

analyse the muscle behaviour in shoulder and knee joint during abduction and flexion

movements and also present the scope for future work.

6.1 CONCLUDING REMARKS

Following objective conclusions are drawn from the present research work.

1)

2)

3)

Finite Element Element Method (FEM) analysis was done to investigate the
behavior of the shoulder muscles during the abduction arm movement. A 3D
FEM shoulder joint model is developed for the five important shoulder muscles;
deltoid, supraspinatus, subscapularies, teres minor and infraspinatus to evaluate
the Von Mises stresses and an equivalent elastic strain for the shoulder abduction
arm movement. The previous shoulder models developed by researchers have not
considered the stress sensitivity analysis of the shoulder muscles during
abduction arm movement. The Von Mises stresses from the FEM model has
agreed well with the SEMG tests conducted on twelve subjects and the previous
work in this area.

During the individual muscle FEM analysis, deltoid muscle was the maximum
stressed muscle with 4.2175 MPa, amongst the five shoulder joint muscles.
During abduction arm movement 46.85 % of the stress amongst these five
muscles was distributed in the deltoid muscle. Hence, deltoid muscle is the most
stressed muscle amongst these five shoulder muscles during the abduction arm
movement.

During the group muscles FEM analysis also, deltoid muscle was the maximum

stressed muscle with 2.4127 MPa, amongst the five shoulder joint muscles.
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4)

5)

6)

7)

8)

9)

During abduction arm movement 38.25 % of the total stresses amongst these five
muscles are distributed in the deltoid muscle.

Supraspinatus muscle was the next maximum stressed muscle after the deltoid
muscle, with 1.6205 MPa (18%) in individual muscle analysis and 1.216 MPa
(19.28%) in group muscle analysis. The rest of the three muscles namely:
subscapularies, infraspinatus and teres minor muscles are stressed next to the
supraspinatus muscle.

The shoulder joint muscle analysis was performed using SEMG test on twelve
shoulder prone patients. As the test was conducted during the passive shoulder
movement, there was no significant variation in the muscle contraction (motor
unit firing amplitude) in three out of five muscles. The SEMG test was conducted
on all four rotor cuff muscles and also on deltoid muscle to analyze the dominant
muscle during abduction arm movement.

The maximum muscle contraction was observed in the deltoid muscle in the
range of 70° to 90°of the arm movement. The same trend was observed in all the
twelve SEMG tested patients.

During the SEMG study; 48.15 % of the muscle contraction was observed in
deltoid muscle compared to 25.92% in supraspinatus, 11.11% in infraspinatus,
11.11% in subscapularies and 3.71% in teres minor muscle during the abduction
arm movement. SEMG test results also revealed that deltoid is the most sensitive
muscle amongst the five shoulder muscles during abduction arm movement.

The Von Mises stress FEM results of the present work were in agreement with
the trends of the muscle behavior during SEMG analysis for all the eight patients.
The stress results are also in agreement with the work done by Dul (1988),
William et al. (2010) and Webb et al. (2014).

FEM analysis was done to investigate the VVon Mises stresses in two important
knee joint muscles; rectus femoris and biceps femoris during the flexion leg
movement. The previous knee models developed by researchers have not
considered the stress analysis of the knee muscles during the flexion leg
movement. During 3D FEM muscle analysis rectus femoris muscle was the

maximum stressed muscle with 1.5579 MPa.
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10)

11)

12)

13)

6.2

1)

2)

3)

4)

The knee joint muscle analysis was conducted on eight knee prone patients by
SEMG. As the test was conducted during the passive knee movement, there was
no significant variation in the contraction (motor unit firing amplitude) of the
knee joint muscles. The maximum muscle contraction was observed in the rectus
femoris muscle in the range of 40° to 70° during flexion leg movement. A similar
trend was observed in all the eight patients tested by SEMG.

During the SEMG study, 70 % of the muscle contraction was observed in the
rectus femoris muscle compared to 30% in the biceps femoris muscle during the
flexion leg movement. The SEMG test results also showed that the rectus femoris
was the most stressed muscle amongst these two muscles for the flexion leg
movement.

In the present study Von Mises stress results by FEM method are in agreement
with the SEMG test results on knee prone five patients. The Von Mises stress
FEM results of the present work are also in agreement with the work done by
Edith Arnold et al. (2010), Mohsen et al. (2007) and Ashutosh et al. (2014).

The SEMG test was conducted on the developed shoulder and knee CPM
machines and the CPM machine cost has been reduced to approximately 40% of
the existing machines cost. The machine is foolproof, user friendly and meets all
the functional requirements of the shoulder and knee exercises satisfactorily. The
Orthopedic surgeon has certified the CPM machines for the shoulder and knee

exercises (Appendix I11).

MAJOR RESEARCH OUTCOMES

In case of shoulder joint, deltoid muscle is the most stressed muscle during the
abduction arm movement.

In case of knee joint rectus femoris muscle is the most stressed muscle during the
flexion leg movement.

Present research work provides researchers and orthopedic surgeons a better
understanding of the behaviour of shoulder and knee joint muscles during the
abduction arm and flexion leg movement at different ROM.

SEMG analysis was conducted on the passive movements of shoulder and knee
joint muscles on the developed CPM machine and the use of developed low cost
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CPM machine for the shoulder and knee joints is found to be a cost effective

treatment for the rehabilitation of patients.

6.3 SCOPE FOR FUTURE WORK

1)

2)

3)

4)

The present work can be extended in number of directions as given below:-

In the present work, FEM analysis of the shoulder joint muscles is done for
abduction arm movement. The same model can be utilised for adduction,
elevation and flexion arm movement with some modification in the orientation
and attachments of the muscles. The shoulder bone orientation and alignment
should be done with utmost care and each bones axis and gap between them
should be maintained.

FEM analysis for shoulder joint muscle is done for five major muscles; four rotor
cuff muscles and deltoid muscle. As these muscles are the major shoulder joint
muscles therefore these are considered for the present work. Shoulder joint
consists of 20 muscles, adding theses muscles in the existing model would
broaden the understanding of individual muscle behaviour during the abduction
arm movement. However this will increase the computational cost and degrees of
freedom.

FEM analysis for knee joint muscle is done for only two major muscles rectus
femoris and biceps femoris for flexion leg movement in the present work. This
work can be further extended by adding Vastus medial, Vastus lateralis Sartorius,
semitendinosus, semimembranosus to analyse the Von Mises stresses during
flexion and extension of leg movement. However this will increase the
computational cost and degrees of freedom. Due to addition of these muscles the
analysis time will increase considerably as in the present work for two muscles
FEM analysis took eighteen hours.

As human joints are the over determined system having many more actuators
than degrees of freedom, it will be better if the muscles functional analysis is
done by using an optimization approach. The present 3D FEM analysis requires
large functional evaluations and high computational time. Hybrid model which is
simpler and time saving can be one of the possible approaches.
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APPENDICES

Appendix |

Specification of ATOS I11 3D Scanner used for scanning the shoulder and knee bones.

System Configuration Specifications

Camera 2 Mega pixels

Working Distance (mm) 490 — 2000

Point Spacing (mm) 0.01-0.61

Working Distance (mm) 490 — 2000

Measured points per scan 8 million points

Operating Temperature 5° to 40°C, non-condensing.
Triple Scan Capability Yes

Sensor Controller Integrated

Power Supply 90-230 V AC

Procedure followed during scanning of the bones:

1. The bones to be scanned were arranged under the scanning area/ location.

2. Bones were cleaned to avoid any dust, grease and oil presence during
scanning.

3. Encoded markers were stuck on the component.

4. Bones were sprayed with very fine layer of developer spray; in order to make
it dull faced.

5. Markers were used for cleaning the white color patches.

6. Scanner machine was assembled and calibrated for the required bone size with
pixel adjustment.

7. Machine was switched ON for scanning of the bones. It was orientated in such
a way that it should capture the entire bone configuration from all the sides.

8. After scanning was completed, then raw scanned data is processed to get a

meshed °.stl’ data for further CAD modeling process.
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Appendix 11

Cost sheet for the shoulder CPM machine fabrication.

Major Mechanical fabrication parts Amount in Rs.
1. Foldable chair (Fabricated in NKOCET college 6500/-
workshop and Irshad M/S Sholapur.)
2. Arm linkages and covering box. 5500/-
3. Paint. 2000/-
4. Cushions. 1700/-
Major Electronics circuit parts Amount in Rs.
5. Hybrid NEMA make high torque motors 0 To 6 31000/-
rpm, 40 W, Special purpose Motor. (2 Nos.) with
gear box (M1&M2).
6. Tstep-087 Stepper Drive for NEMA motor. 6000/-
7. PLC: Delta Make DVP28SV11R,8 Digital I/P & 6 16000/-
Digital O/P, 24 volts.
8. HMI DOP-B05S111 Delta 5.6 inch HMI touch 16000/-
screen panel with Programming Cable and software.
9. Motor Drives. 1200/-
10. Electrical Cables and wires. 400/-
11. Power Supply: 24v D.C. / 48volt D.C. 800/-
12. Miscellaneous. 1100/-
Total Cost Rs. 99000/-
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Appendix 11

SHOULDER PAIN AND DISABILITY INDEX (SPADI)

Patient Name Date

Please read carefully:

Instructions: Please circle the number that best describes the question being asked.

Pain scale:

No painatall 0 1 2 3 4 5 6 7 8 9 10 Worst pain Imaginable
How severe is your pain?

1. At its worst?

0 1 2 3 4 5 6 7 8 9 10
2. When lying on the involved side?

0 1 2 3 4 5 6 7 8 9 10
3. Reaching for something on a high shelf?

0 1 2 3 4 5 6 7 8 9 10
4. Touching the back of your neck?

0 1 2 3 4 5 6 7 8 9 10
5. Pushing with the involved arm?

0 1 2 3 4 5 6 7 8 9 10

Disability scale:

No difficulty 0 1 2 3 4 5 6 7 8 9 10 so difficult it
requires help

How much difficulty do you have?

1. Washing your hair?

0 1 2 3 4 5 6 7 8 9 10
2. Washing your back?

0 1 2 3 4 5 6 7 8 9 10
3. Putting on an undershirt or pullover sweater?

0 1 2 3 4 5 6 7 8 9 10
4. Putting on a shirt that buttons down the front?

0 1 2 3 4 5 6 7 8 9 10
5. Putting on your pants?

0 1 2 3 4 5 6 7 8 9 10
6. Placing an object on a high shelf?

0 1 2 3 4 5 6 7 8 9 10
7. Carrying a heavy object of 10 pounds?

0 1 2 3 4 5 6 7 8 9 10
8. Removing something from your back pocket?

0 1 2 3 4 5 6 7 8 9 10
OTHER COMMENTS:

Examiner: Dr. V.S.Metan
Williams JW Jr., Holleman DR Jr., Simel DL: Measuring shoulder function with the Shoulder Pain and Disability Index. J
Rheumatol 1995; 22 (4); 727-732
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Appendix IV

Cost sheet for the knee CPM machine fabrication.

Major Mechanical and Electronics parts

Major components

Amount in Rs

1. A.C. Synchronous motor 60 RPM @ 50 Hz; 30W. 2800/-
2. Limit Switches (Mechanical). 360/-
3. Transformer Step down 230V to 12 V. 360/-
4. OMRON 4123 Relay 12V dc. 900/-
5. Paint for the machine. 500/-
6. Mechanical structure of the knee rest. 750/-
7. Cover plates of the machine and the knee rest. 450/-
8. SKF Deep Groove Ball Bearing 6005 25mm 1.D, 47mm O.D. 540/-
9.  Cushion for knee rest. 450/-
10. Lead screw and Nut assembly (Square thread and special purpose). 1200/-
11. IC, Filters, Pots, Connectors, switches. 1190/-
12.  Miscellaneous. 500/-
Total Cost 10000/~ Rs
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Appendix V

KNEE PAIN AND DISABILITY INDEX (KPADI)

Patient Name Date

Please read carefully:

Instructions: Please circle the number that best describes the question being asked.

Pain scale:

No pain atall 0 1 2 3 4 5 6 7 8 9 10
Worst pain Imaginable

How severe is your pain?

1. At its worst?

0 1 2 3 4 5 6 7 8 9 10
2. When lying on the affected side?

0 1 2 3 4 5 6 7 8 9 10
3. While Squatting?

0 1 2 3 4 5 6 7 8 9 10
4. While cross legging?

0 1 2 3 4 5 6 7 8 9 10
5. Getting up from chair?

0 1 2 3 4 5 6 7 8 9 10
Disability scale:
No difficulty 0 1 2 3 4 5 6 7 8 9 10

So difficult it requires help
How much difficulty do you have?
1. Standing on affected side?

0 1 2 3 4 5 6 7 8 9 10
2. During walking?

0 1 2 3 4 5 6 7 8 9 10
3. Climbing staircase?

0 1 2 3 4 5 6 7 8 9 10
4. Playing sports activity?

0 1 2 3 4 5 6 7 8 9 10
5. Putting on your pants?

0 1 2 3 4 5 6 7 8 9 10
6. Getting up from sitting position?

0 1 2 3 4 5 6 7 8 9 10
7. During morning walk?

0 1 2 3 4 5 6 7 8 9 10
8. While getting up early from your bed?

0 1 2 3 4 5 6 7 8 9 10

OTHER COMMENTS:

Examiner: (Dr.Vyanktesh Metan)
Williams JW Jr., Holleman DR Jr., Simel DL: Measuring Human joint function with the Pain and Disability Index. J Rheumatol
1995; 22 (4); 727-732.
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Appendix VI

Dr. METAN HOSPITAL
Orthopedic & Neurology Centre

Dr. Vyankatesh S. Metan
M.S. Orthopedics
Hospital Reg. No. : 113-A 24/1/2007 MMC Reg. No. 60784
Plot No 19, Jodbhavi Pet, Near Kanna Chowk, Solapur, 413002 Maharashtra State — INDIA
Phone: Hospital + 91 217 2742150; + 91 217 2631624;
E mail : metanv@yahoo.com Website: www.drmetanhospital.org

SHOULDER CPM REPORT

Date: 1/1/14 OPD: 3886/14

Name : Shivkumar Patil

Age : 50

Gender : M

Address : Prabhakar nagar, Samrat Chowk, Solapur

Chief complaints : Pain in right shoulder (6 Days)

History : X-Ray (Right shoulder)

Exercise Range of Motion in Degrees

Day 01 02 03 04 05 06 07 08 09 10 11 12 13 14
Internal 45 45 50 55 60 60 65 65 70 70 75 75 80 80
Rotation

External 40 40 45 45 45 50 50 55 55 60 65 65 70 75
Rotation

Abduction 70 70 75 75 75 80 80 85 85 90 90 95 95 | 130
Adduction 60 65 65 70 70 75 75 80 80 85 85 90 95 | 120
Flexion 75 75 80 80 85 90 95 95 100 | 100 | 105 | 105 | 110 | 135
Elevation 75 75 80 80 85 85 90 95 100 | 100 | 105 | 110 | 115 | 135
Pain Scale 8 8 75 | 75 7 7 7 6.5 6.5 6 55 | 55 5 35

-
¥
Dr. Vyankatesh Metan
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Appendix VII

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# B56 Vijayalaxami L
T&A Thursday, May 28,2015 6:16:32 PM

Muscle : Deltoid

Turns | Amplitude

2500
(O
Amp-
(V)
6,0
1250
Turns (no)

Note: Amplitude (V) per turn Scale: One square box

X-Axis =125 Turns
Y-Axis =250 (uV)
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Appendix VII

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# B56 Vijayalaxami L
T&A Thursday, May 28,2015 6:16:48 PM

Muscle : Supraspinatus

Turns | Amplitude

2500
(1V)

Amp-
1)

(0,0
1250

Turns (no)

Note: Amplitude (V) per turn Scale: One square box

X-Axis =125 Turns
Y-AXxis =250 (uV)
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Appendix VII

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# B56 Vijayalaxami L
T&A Thursday, May 28,2015

Muscle : Infraspinatus

2500
V)

Amp-
(nv)

(0,0

Note: Amplitude (uV) per turn
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6:17:18 PM

Turns | Amplitude

Turns (no)

S EEF FY L

1250

Scale: One square box

X-Axis =125 Turns
Y-AXis =250 (uV)



Appendix VII

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# B56 Vijayalaxami L
T&A Thursday, May 28,2015

Muscle : Subscapularies

2500
V)

Amp-
(nv)

(0,0)

Note: Amplitude (uV) per turn
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6:16:56 PM

Turns | Amplitude

Turns (no)

1250

Scale: One square box

X-Axis =125 Turns
Y-AXxis =250 (uV)



Appendix VII

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# B56 Vijayalaxami L
T&A Thursday, May 28,2015

Muscle : Teres Minor

2500
V)

Amp-
(nv)

(0,0

Note: Amplitude (uV) per turn
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6:17:06 PM

Turns | Amplitude

1250
Turns (no)

Scale: One square box

X-Axis =125 Turns
Y-Axis =250 (uV)



Appendix VIII

Matlab programing of the biomedical model to quantify the shoulder load.

Mainly two forces; deltoid force and supraspinatus force are acting on the shoulder

joint during elevation arm movement in the analysis.

HUMERUS

! ' SCAPULA
Pt| 7

f~GLENOID LINE
M ]

Fig. 8.1 Free body diagram of Glenohumeral joint

The mathematical model developed to analyze muscle behavior is given below.
Fq= deltoid force
Fs= supraspinatus force
R=resultant of F4 and Fs
a be the angle of elevation of arm
ds=angle between the trunk line and glenoid line of scapula
dg=angle made by F4 with Y-axis
ds=angle made by Fs with Y-axis
¢ = upper arm length. =29 cm.
Where ¢y is given by the following equations:
¢t =0 (0°<a< 30°)
dsi= 0.440, -12.4 (0°<0<150°) [1]

where a4 and a are the lever arms of the deltoid supraspinatus muscles. It is given by
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ag = 0.009760 +1.71 cm [2]

as=2.2¢cm [3]
And ¢4 and ¢s is given by

$g=0.37a.+ 15.8° [4]
¢s = 75° [5]

Above equations are standard and are used in the calculations of the forces of
muscles by the author.

After solving the above equations to the shoulder system, results in an
algebraic equation for the load sharing between the deltoid and supraspinatus
muscles. The expression is as follows:

Fo = H(F) * [6]
Where d'=0

Rx and Ry is the x and y components of joint reaction force.

The kinematic analysis is done on human with W =588.6 N = 60 kg.

Weight of arm =5% of body weight=29.43 N (Cram and Kasman , 2005)
a=87°

$5=25.88°

$g=47.99°

$s=75°

ag=0.025 m

as=0.022 m

Following are equations on which calculations are done: (Cram and Kasman,
2005)

Fg Xag +Fsx as-W x 0.7 X ¢ x sina. = 0; [7]
Fq X singg + Fs sings +W sings; —Rx= 0; [8]
Fa cosdq +Fs cosps- W cosds: —Ry= 0; [9]
By calculating the mathematically we got

Fq=316.89 N

Fs=88.746 N

Ry=471.65 N, R,= 162.67 N, R=498.99 N, © = 19.02°.

The maximum force is shared by the deltoid muscle and then the supraspinatus
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muscle.
Matlab programming is done for various loads of shoulder. The input was load
in kilograms. The output was Fg, Fsand R (the resultant) against the shoulder

arm movement angle o was plotted.

1. o vs. Fq
2. o vs. Fg
3. a vs. Glenohumeral joint force (R)

The program was written in MATLAB Works is as follows:
clc
clear all
w = input(‘enter the value of load’)
alfa=0:1:120;
fori=1:1:29
phist(i) = 0;
end
fori=30:1:121
phist(i) = 0.44*alfa(i)-12.4;
end
phid = 0.37*alfa+15.8;
phis =75;
Ad = 0.00976*alfa+1.75;
As =2.2;
c=29;
Fs = (w*0.7*c*sind(alfa))./(1.3*Ad+As);
Fd = 1.3*Fs;
Rx = Fd.*sind(phid)+Fs*sind(phis)+w*sind(phist);
Ry = Fd.*cosd(phid)+Fs*cosd(phis)-w*cosd(phist);
R = sgrt(Rx.*2+Ry."2);
plot(alfa,Fs);
hold on
plot(alfa,Fd);
plot(alfa, R).
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Appendix IX

Dr. METAN HOSPITAL
Orthopedic & Neurology Centre

Dr. Vyankatesh S. Metan
M.S. Orthopedics

Hospital Reg. No. : 113-A 24/1/2007 MMC Reg. No. 60784
Plot No 19, Jodbhavi Pet, Near Kanna Chowk, Solapur, 413002 Maharashtra State — INDIA
Phone: Hospital + 91 217 2742150; + 91 217 2631624;

E mail : metanv@yahoo.com

Website: www.drmetanhospital.org

KNEE CPM REPORT

OPD NO : 3994/13
DATE : 28/01/2014 12:30 pm
CASE : Pain in left knee. Night cry, restricted movement, minor

injury 2 months old.
HISTORY : X- ray of left knee, overweight, trauma.
Exercise Range of Motion in Degrees
Day 01 [02 [03 |04 |05 |06 [0O7 |08 |09 |10 |11 |12 |13 |14
Flexion 45 |50 |55 |60 |65 |65 |70 |70 |75 |80 |8 |8 |95 |95
Extension 40 50 55 55 60 65 70 75 75 80 90 90 95 100
PainScale |85 |85 |8 8 75 |75 |6 6 55 |5 45 |4 35 |35

Dr. Vyankatesh Metan
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Appendix X

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# F35 Rahul Panchal

T&A Tuesday, August 18, 2015 5:46:18 PM
Muscle : Rectus Femoris
Turns | Amplitude
2500
(uV)
Amp-
(nv)
# 4 &
¥ * 23 % 2
+ % 3 *¥*, 2 . s
(0,0)
1250
Turns (no)

Note: Amplitude (uV) per turn
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Appendix X

Dr. Manisha Talpallikar (PT)

Phone Number: 0217-2328855

# F35 Rahul Panchal
T&A Tuesday, August 18, 2015 5:46:28 PM

Muscle : Biceps Femoris

Turns | Amplitude

2500
(V)

Amp-
(nv)

(0,0)
1250

Turns (no)

Note: Amplitude (V) per turn Scale: One square box

X-Axis = 125 Turns
Y-AXis =250 (uV)
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Appendix XI

Dr. METAN HOSPITAL
Orthopedic & Neurology Centre

Dr. Vyankatesh S. Metan
M.S. Orthopedics
Hospital Reg. No. : 113-A 24/1/2007 MMC Reg. No. 60784
Plot No 19, Jodbhavi Pet, Near Kanna Chowk, Solapur, 413002 Maharashtra State — INDIA
Phone: Hospital + 91 217 2742150; + 91 217 2631624;
E mail : metanv@yahoo.com Website: www.drmetanhospital.org

CERTIFICATE

To whome so ever concern, it is to certify that the CPM machine developed by
Prof.Shriniwas S Metan for shoulder exercise is working satisfactorily. The machine
has been tested first on 50 normal subjects for different shoulder exercises
(abduction,adduction,flexion,extension,internal rotation,external rotation) , then it is
put on the 50 injured shoulders under the observation in Dr. Metan Hospital
Orthopedic & Neurology Centre, Solapur, India. The machine was then used for the
post-operative patients to improve their range of motion. The machine is succesfully
performing all the shoulder post-operative operations continuously , smoothly and
without any jerks. The range of motion is calibrated and the functionality of the
machine is foolproof and as per the orthopedic requirements. All the shoulder joint

exercise are performed satisfactorily by using the CPM machine.

1

Dr. Vyankatesh Metan
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Appendix XII

Dr. METAN HOSPITAL

Orthopedic & Neurology Centre

Dr. Vyankatesh S. Metan
M.S. Orthopedics

Hospital Reg. No. : 113-A 24/1/2007 MMC Reg. No. 60784
Plot No 19, Jodbhavi Pet, Near Kanna Chowk, Solapur, 413002 Maharashtra State — INDIA
Phone: Hospital + 91 217 2742150; + 91 217 2631624;

E mail : metanv@yahoo.com Website: www.drmetanhospital.org

CERTIFICATE

To whome so ever concern, it is to certify that the CPM machine developed by
Prof.Shriniwas S Metan for knee exercise is working satisfactorily. The machine has
been tested first on 50 normal subjects for different knee exercises (flexion and
elevation) , then it is put on the 50 injured knee under the observation in Dr. Metan
Hospital Orthopedic & Neurology Centre, India. The machine was then used for the
post-operative patients to improve their range of motion. The machine is succesfully
performing all the knee post-operative operations continuously , smoothly and
without any jerks. The range of motion is calibrated and the functionality of the
machine is foolproof and as per the orthopedic requirements. All the knee joint

exercise are performed satisfactorily by using the CPM machine.

Dr. Vyankatesh Metan
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