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Abstract 

 

The arms and legs are very important parts of the human body. The arm physiology is 

an extremely complex to study. People’s working capability is badly affected when 

they suffer an amputated arm. Artificial replacements with prosthetic devices to get a 

satisfactory level of performance for essential functions with the currently available 

prosthetic technology are very difficult. The natural solution to amputation is 

biological regeneration of the missing limb. As this is not currently possible it is 

important to find viable solutions for providing multifunctional prostheses. 

Realization of a successful prosthesis is the need with complete understanding of the 

associated practical, clinical and economic factors. Presently, myoelectric arm 

prostheses are becoming popular because they are operated by a natural contraction of 

intact muscles. With the requirement of such multifunctional low cost prosthesis, 

following objectives were defined for present work-  

1. Study of various methodologies and algorithms for SEMG signal analysis to control 

myoelectric arm  

2. A comparative study on the analysis of SEMG signal based on different 

postures/movements of arm. 

3. To develop more powerful, flexible, and efficient SEMG signal interpretation with 

the locations of electrodes on different acupressure points of human arm i.e. from 

shoulder to wrist. 

4. Development of a control methodology to use myoelectric signals from muscles 

which act in synergy with hand function as the control signals to operate the 

prosthesis.  

5. On the basis of above studies, development of a prototype model for realization of 

control methodology for elbow movement. 

 

Surface Electromyogram (SEMG) is a complex signal, which is controlled by the 

nervous system and is dependent on the anatomical and physiological properties of 

muscles. SEMG detector (electrodes) at the surface of the skin collects signals from 

different motor units at a time, which may generate interaction of different signals. 

These SEMG signal gets corrupted by noise while traveling through different tissues. 

The sources of these noises are environmental (such as 50 Hz power-line) or biological 
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(such as motion artifact) interference. Due to these complexities, detection of SEMG 

signals with powerful and advance techniques is becoming a very important 

requirement in biomedical engineering.  

In the present work SEMG acquisition system was designed keeping the economics 

and application in mind. The amplifier provides the input for the analog interface of 

the computer using sound card (which is default adapter for softscope). The SEMG 

acquisition system was developed to measure and record the signals from the subjects. 

Users have the options to select a variety of voltage scales and time scales to display 

the output signals with great advantage of portability. 

After acquiring SEMG signal, important aspect is to extract the features which are 

representative of SEMG pattern for different arm functions. The study of different 

parameters in relation to SEMG variations with force level has been carried out and it 

has been found that both amplitude-related parameters and selected statistical 

parameters give good view of force level. A function slope has been tried for as 

SEMG parameter and it produced good representation of the SEMG. It has also been 

observed that prolonged use of the prosthetic device may result in lower amplitudes of 

SEMG signals. Thus, a prosthetic controller based on amplitude should have the 

capability of adjusting the threshold level in order to get proper degree of 

controllability. 

Acupressure points are places on the skin that are especially sensitive to bioelectrical 

impulses in the body and conduct those impulses readily. Traditionally, Asian cultures 

conceived of the points as junctures of special pathways that carried the human 

energy that the Chinese call chi and the Japanese call ki. Stimulating these points with 

pressure, needles, or heat triggers the release of endorphins, which are the neuro-

chemicals that relieve pain and relaxes muscles. In tune with objective 3, as an 

additional study to find electrode locations to have multifunctional prosthesis, 

acupressure points were considered. The study explored that those electrode sites may 

be considered where even very weak correlation between the SEMG and (more than 

one) limb functions exist. This study verifies the SEMG activities on acupressure 

points if selected sensibly which encourage advancing the work for specific 

movement measurement. Further, the pressure points are compared with other 

locations on arm for SEMG observations. 

In the next stage of this work, the interpretation of SEMG signals from the locations 

of human arm i.e. from shoulder to wrist was done to discriminate hand/wrist 
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movements. The objective of the present study was to develop such  a system so as to 

assess different muscles activities on arm during four basic movements namely 

opening (op) / closing (cl) / down (d) / up (u) of hand wrist/grip and find out the 

suitable number of channels for movement classification with best electrode locations.  

Six locations including two pressure points were considered. Principal component 

analysis was used to determine the best location with different sets of electrode 

numbers. After the principal component analysis of data from different locations, it is 

found that in two channel locations namely “cbet (below elbow thumb side) and cbeb 

(below elbow little finger side)” and in three channel locations namely “cam (below 

arm middle palm side)”, “camb (on opposite side of cam)” and “cbet (below elbow 

thumb side)” were best suited to discriminate the four chosen movements. However, 

the pressure points showed low performance with respect to other locations. Best 

location were related to the maximum loading percentage to PC1 and appropriate 

numbers of channel of the acquisition system to monitor movements again depended 

upon the loading percentage to PC1 but shall vary within i.e. different movement shall 

have different contribution percentage for better discrimination. 

Finally, the SEMG analysis on the elbow movement for the four movements 

[extension, flexion, supination and pronation] is discussed which results in control 

methodology for single-channel and two-channel prototype elbow.  A prototype 

elbow based on SEMG analysis for the above elbow had been developed using 

microcontroller based hardware. The design employs SEMG-RMS to DC conversion 

using AD536 IC which gave satisfactory results. With proper synchronizing of the 

prototype arm position and the SEMG contraction the specific sequence of 

movements are achieved successfully. The prototype has been realized differently for 

two movement control (extension/flexion) and four movement control 

(extension/flexion/pronation/supination).  

This work presents a successful creation of inexpensive SEMG platform. A principal 

component analysis of data from different locations to discriminate the four chosen 

movements was usefully used. 
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CHAPTER 1 

INTRODUCTION 

 

The greatest of all creations is human body, the marvelous machine—precise and 

efficient to study. The human body has a dynamic framework of bone and cartilage 

called skeleton. The human skeleton is flexible in nature that is made to move with 

the help of joints. Muscles uniformly bonded over the skeleton helps in the execution 

of movements. The brain computes and sends throughout the body billions of bits of 

information which controls every action like the flicker of an eyelid or to move any 

body part. In the human body, nerves carry the information back and forth from the 

central nervous system. Brain is attached to the central nervous system. Long bone 

such as in the arm or leg is considered as lever. Joints and articulated surfaces are 

considered to be frictionless. Tendons and tendon sheets can be considered sliding 

surfaces or cables. Muscles are the motors of the human machine. Hence, the body is 

considered to act as a machine via mechanical parts [Online ref. 1]. While describing 

motion of the human body the related terms could be confusing. The terms are 

described as anatomical positions. Extension is a movement of the lever head 

normally forward or downwards while flexion is a movement of the lever head 

rearwards. Similarly it is easier to think of the movements in terms of a standard 

coordinate system [Online ref.1]. 

The human body is an exquisite combination of interacting systems which can be 

analyzed using multidisciplinary engineering principles i.e. chemical, mechanical and 

electrical engineering principles through application to the human body [Farrell, 

2002]. Biomechanics of the human muscle movements can be determined through the 

use of sensors and a specialized computer. These sensors detect movement in the 

muscles and allow the computer to follow the muscle movement completely. 

Biomechanics of the human muscles is the calculation of forces applied to the 

muscles, joints and bones while completing a task. This can include the heat, the 

pressure and the tension of the muscles, joints and tendons. This is done through the 

monitoring of muscles in concerned site and muscles surrounding this site [Chapman, 

2008]. These studies can be termed as a gift to the amputees which is termed as 

prosthetic devices.  Research areas of actuators and mechanisms have shown steadily 
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growing technological advances in externally activated prostheses. The advances 

include the use of piezoelectric materials, special metal alloys, polymers and new 

motor applications. The advances in mechanisms also include mechanical designs 

based on the anatomy of the human hand and improvements in the way these 

components are combined. Prosthesis can be simple artificial limb looking like the 

human limb known as cosmetic prosthesis, which is made up of latex or silicon but is 

not able to perform any activity. It can be used to hide distorted image of an amputee. 

Another type is a robotic structure of human hand whose control is from control 

cables which are operated through shoulder’s movement, mouth, chest, other hand 

etc. called as body powered prosthesis. In this case specified operations can be 

performed. Body - powered terminal devices (hooks, hands, etc.) come in various 

configurations which are controlled by the user’s pull on the control cable to open the 

hand or hook and the grip strength is limited by the number of rubber bands on the 

hook or the spring tension in the hand. Fig. 1.1 shows flow chart of the controlling 

strategy [Wongsiri et al., 2003]. Another flexible grasping motion control for a hand 

with two fingers was described [Kuba et al., 1992]. This control of reference grasping 

force was decided in advance for the operation. The way to extend the grasping 

control by including the operator to the control loop was explained. This study was 

carried out to know how to interface human and an artificial hand based on human 

being property. 

 

 

 

 

 

 

 

Fig. 1.1 Flowchart of control strategy [Wongsiri et al., 2003] 

 

In almost all cases the harness and cable system can be both the best and worst aspect 

of a body - powered system. Negative aspects developed as the same pressure may 

create discomfort and contribute to long-term nerve compression and overuse 
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problems. Important consideration of body - powered designs are being of less 

expensive.  

There has been lot of efforts worldwide to improve the activities in the functional 

range of the prosthetic hand. Prosthetic arm can be classified depending upon 

controlling techniques. The two most common prosthetic systems are body - powered 

and myoelectric designs [Tomovic and Boni, 1962; Micera et al., 2010]. Fig. 1.2 

shows the symbolic representation of prosthesis (a) internally powered and controlled 

(b) externally powered prosthesis and (c) prosthesis externally powered and both 

externally and internally controlled. Here P and C stand for power and control 

elements respectively. 

 

Fig. 1.2 Symbolic representation of prosthesis [Tomovic & Boni, 1962] 

 

Myoelectric control is the most common type of externally-powered systems. A 

myoelectrically-controlled prosthesis uses electrical impulses, generated by 

contraction of the amputee’s own remaining muscles, to operate a motor in a 

mechanical hand, hook or elbow. Most myoelectric systems provide proportional 

control of the speed and grip strength of the hand or other electric terminal devices 

(electric hook or work device) based on the strength of the muscle contraction of the 

wearer.  

Another type is the hybrid prostheses which combine body-powered and electrically-

powered components. For example, a terminal device may be myoelectrically 

controlled while the elbow unit is body - powered. Many combinations of systems are 

used to optimize individual functional performance. A hybrid method for adapting a 

three fingered dexterous and compliant artificial hand so as to describe 

preconfiguration before grasping some specified rigid object was showed. This 

category could also be specially designed for one specific task or activity such as 

devices for tools, cooking, fishing, skiing, baseball, hockey, archery and billiards, as 

well as for musical instruments. Amputees could frequently choose to utilize more 

than one type of prosthesis as part of their daily life. For example, a person may wear 

Hand Hand Hand 

    
 P   C                        P    C            P  C  C 

   (a)                              (b)                          (c) 
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a myoelectric system for most activities, or utilize a body-powered system for heavy-

duty or wet tasks [Finat et al., 1998]. 

The main factors of the rejection of conventional prosthetic hands were: 

• Heavy weight:  although commercial prosthetic hands have about the same 

mass as human hands they appear to be unpleasantly heavy because the mass 

is transmitted by a lever arm to the short stump of the amputated arm.  

• Low functionality: Conventional prosthetic hands can only perform a single 

pincer-like grip movement. Therefore, the gripping abilities are restricted, for 

example to pick up a pinball with the artificial hand. The fingers have only 

one degree of freedom and can not adapt to the shape of an object. The 

consequence is reduced force, which is necessary to hold an object stable. 

• Robot-like movement: The movements to appear to be unnatural.  

To overcome these disadvantages a lot of efforts have been done worldwide. In the 

present scenario, research activities are improving the functional range of an 

electrically driven prosthetic arm. In the body movement, the complex and nonlinear 

information processing is done from the brain to the body limbs. Motor command 

firstly is sent from the nervous system to each muscle via motor neurons. It activates 

the muscles and causes the muscle tensions. Secondly, the muscle tensions act on the 

related joint and cause the joint torque. Finally, the joint torque realizes the motion 

corresponding to the joint dynamics. 

In the case of amputee, a part of this information processing flow is cut off. It is 

inconvenient for them to live a daily life. For the expansion and the improvement of 

amputee’s activity in daily living, several kinds of Surface Electromyographic 

(SEMG) controlled prosthetic hands have been developed. The use of SEMG signals 

to control the prosthetic hand provides the amputees with a control feeling similar to 

moving their normal hand.  

An SEMG signal also called as a group motor action potential is an electrical impulse 

that produces contraction of muscle fibers in the body. The term is most often used in 

reference to skeletal muscles that control movements. Myoelectric signals are 

detected by placing three electrodes on the skin. Two electrodes are positioned to 

acquire the voltage between them when a myoelectric signal occurs. The third 

electrode is placed in a neutral area and its output is used to cancel the noise that can 
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otherwise interfere with the signals from the other two electrodes. The output voltage 

is processed using a device called as differential amplifier. The output of this 

amplifier has much higher voltage than the myoelectric signals themselves. This 

higher voltage, which produces significant current, can be used to control 

electromechanical or electronic devices. This signal is normally a function of time and 

is describable in terms of its amplitude, frequency and phase.  

Acquiring SEMG signal for analysis can be done by using bio-potential acquisition 

systems such as DELSYS BAGNOLI-2, EMG sensor system using PCMCIA data 

acquisition card (NI DAQ PCI-6010) [Xiang, 2007], BIOPAC data acquisition etc. 

The technology of SEMG recording is relatively new. There are still limitations in 

detection and characterization of existing nonlinearities in the SEMG signal, 

estimation of the phase, acquiring exact information due to derivation from normality. 

In traditional systems reconstruction algorithms has various limitations and 

considerable computational complexity and many shows a high variance. Recent 

advances in technologies of signal processing and mathematical models have made it 

practical to develop advanced SEMG detection and analysis techniques. Various 

mathematical techniques and artificial intelligence have received extensive attraction.  

 
In the present research work, the main emphasis has been given to study different 

issues of electronically operated prosthetic arm, analysis of SEMG signal to 

discriminate motions of arm/wrist acquired from different electrode locations on arm. 

The proposed work has been split into three parts; the receiving/processing SEMG 

signal from the muscle of interest and interpreting the SEMG signal; statistically 

using principal component analysis for observing the best locations for different 

numbers of acquisition channels and the designing of prototype elbow. 

 

1.1 Need of arm prosthetics 

In the United States 41,000 persons were registered who had an amputation of a hand 

or a complete arm [Schulz et al., 2001]. A survey has shown that the number of 

amputees in India in 1981 was approximately half a million. It was estimated that the 

number of amputees with no prosthesis increased annually by 17,000. Resources for 

medical care are limited in poorer countries and the need for prosthetics in this third 

world is clearly immense [Meanley et al., 1995]. With the same frequency of 

occurrence (1 in 6100) there would be 1,000,000 such persons worldwide [Schulz et 
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al., 2000]. The prevalence rate in 1996 was 4.9 per 1,000 persons. 50,000 new 

amputations happen every year in USA based on information from National Center 

for Health Statistics [Online ref. 2]. Ratio of upper limb to lower limb amputation is 

1:4. Most common is partial hand amputation with loss of one or more fingers; the 

next common is loss of one arm. 30% have upper limb loss, wrist and hand 

amputations are estimated to make up 10% of upper limb population, trans-radial 

amputations make up 60% of total wrist and hand amputations which mean 70% of all 

persons with upper limb amputations have amputations distal to the elbow [Online 

ref. 3]. 

 

 

Fig. 1.3 Amputation levels [Kelly, 2010(Online ref. 18)] 
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The most common being partial hand amputation with the loss of one or more fingers; 

next most common being loss of one. Statistical data  indicates the existence  of  some  

350,000  persons  with  amputations in  the USA,  of  whom  30% have upper-limb; of  

this  30% wrist and hand amputations are  estimated to make up  10% of the upper-

limb population.  This means that 70% of all persons with upper-limb amputations 

have amputations distal to the elbow [Weir et al., 2000].  60% of arm amputations are 

between ages 21 and 64 years and 10% are under 21 years of age. The Fig. 1.3 depicts 

the levels of an upper extremity amputation. Trauma is the most common reason for 

amputation in patients aged 15-45 years, with tumors being a distant second. Upper 

extremity amputations tend to be rare in patients who are older than 60 years, but they 

may be required secondary to tumor or medical disease [Meier, 2005].  

These statistics gives us the need of prosthetic devices but above all the need of 

knowledge of implementing and using these devices is essential. Fig 1.3 emphasizes 

the need of prosthetic devices for “long above elbow” and “wrist disarticulation” 

where loss shown is the most. SEMG based technology can be the one of the 

solutions. 

 

1.2 Introduction to acupressure points on human arm 

Acupressure has been practiced as a healing art for at least 5,000 years. It is said to be 

the most popular method for treating pain and illness in the world. This is a proven, 

natural and cost effective self-care system of home treatment. Acupressure philosophy 

is based on the same principles as acupuncture. By using pressure instead of needles, 

acupressure works to stimulate specific reflex points located along the lines of energy 

which run through the body, called meridians. There are many meridian lines, each of 

which corresponds to an individual organ of the body. When the vital energies are 

able to flow through the meridians in a balanced and even way the result is good 

health. When pain or illness is experienced then it is an indication that there is a block 

or leak in the energy flow within the body [Online ref. 5; Online ref. 6; Online ref. 7]. 

 

1.3 Arm Movement for performing routine work 

Mimicking all the functions of hand in prosthesis is near impossible with present day 

technology whereas the study of different functions of hand along with the 

movements required to perform those functions may lead to a practical solution. The 
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functional jobs of human hand can be divided into two major categories, i.e. based on 

day to day work and skilled work as indicated in Table 1.1.  

Acupoint 08 

Bend the arm, hand to shoulder, and place finger on the end of 

the crease of the arm; open the arm and stimulate the point 
 

Acupoint 03 

Two thumb widths above the outside of the wrist, lined up with 

the middle finger 
 

Acupoint 02 

Two thumb widths from the largest crease on the inside wrist; 

the point is between the tendons in the middle of the wrist 
 

Acupoint 12 

On the largest crease of the inner wrist, on a line with the 

thumb 
 

Fig. 1.4 Acupressure points on arm [Online ref. 7] 

Table 1.1 
Common functions of human arm 

Category  Function  Movement required 

Day-to-Day work Picking up items Elbow extension & Grasp 

 Placing items  Elbow extension & Release  

 Lift object Elbow flexion & Power grasp 

 Pouring liquid from a bottle 

in a glass  

Grasp, wrist movement & arm 

pronation 

 Shaking hand Grasp with wrist movement 

 Combing Grasp with wrist movement 

 Eating Grasping & Elbow flexion  

 Throwing  Grasp with wrist movement 

 Calling indication Wrist movement 

Skilled work Typing, Writing and 

Drawing 

Precision grasp and precision 

wrist movement 

 Playing stick games Grasp with wrist movement  



 1-9

It is quite evident form Table 1.1 that 90% of day-to-day functions are extension, 

flexion, grasp and release movement. Other works normally requires one out of four 

movements like wrist flexion, wrist extension, pronation or supination [Arora, 2002]. 

 

1.4 Literature review 

1.4.1 Abroad 

The development of prostheses has roughly paralleled the progress of amputation. The 

surviving amputee must have wish for the prosthesis. An Italian vase of the fourth 

century B.C. shows a lower-limb amputee supporting himself with a wooden pylon. 

An artificial leg dating to about 300 B.C. was unearthed at Capua, Italy, in 1858. It 

was made of bronze and iron, with a wooden core, apparently for a below-knee 

amputee. The prosthesis was destroyed during an air raid on London in 1941. Marcus 

Sergius, who lost his right hand in the Second Punic War (218 202 B.C.), was fitted 

with an iron hand, which he apparently used effectively [Vanderwerker, 1976]. There 

has been lot of efforts worldwide to improve the activities in the functional range of 

the prosthetic hand. This section gives the brief idea about the classification of 

prosthetic hand and major developments in each category. Prosthetic arm can be 

classified depending upon controlling techniques. The two most common prosthetic 

systems are body - powered and myoelectric designs [Tomovic and Boni, 1962; 

Micera et al., 2010]. The new generation of hands could provide the user with much 

more functionality and capabilities. Body - powered terminal devices (hooks, hands, 

etc.) come in various configurations which are controlled by the user’s pull on the 

control cable to open the hand or hook and the grip strength is limited by the number 

of rubber bands on the hook or the spring tension in the hand [Wongsiri et al., 2003]. 

The design of pneumatic controlled arm-movement controlled by a foot switch was 

developed This test was performed on an amputee wearing the artificial arm and 

simple tasks such as picking up objects and drinking water were performed [Wongsiri 

et al., 2003]. A very lightweight artificial hand driven by a new type of powerful 

small size flexible fluidic actuator was presented. These actuators were completely 

integrated in the fingers which made possible the design of a very compact and 

lightweight hand that could either be used as a prosthetic hand or as a humanoid robot 

hand [Schulz et al., 2001].  A joint controller for an anthropomorphic robot hand 

driven by flexible fluidic actuators was developed for position and force control for 
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robotic systems. These flexible and compact actuators were integrated directly into 

the finger joints, where they were driven either pneumatically or hydraulically [Beck 

et al., 2003].  

Most of the theoretical studies relating the surface electromyogram to muscular force 

suggested that the amplitude of the electromyograph should increase proportionately 

with the square root of the tension. However, direct experiments showed a linear 

relationship between them [Ray and Guha, 1983; Bergamasco and Scattareggia, 

1995]. A prosthesis control system was described based on microprocessor hardware 

whereby control of an artificial limb for above-elbow amputees in several degrees of 

freedom. This design employed time series identification techniques for parameter 

discrimination. System involved one set of electrodes for discriminating and 

controlling five limb functions. This system feeds to a motor control and actuation 

unit identical to that of the toe-controlled system of which was used by a bilateral 

above-elbow amputee [Graupe et al., 1982]. In another work, the flexible grasping 

motion control for a hand with two fingers was described. This control of reference 

grasping force was decided in advance for the operation. This way to extend the 

grasping control by including the operator to the control loop was explained. This 

study was carried out to interface human and an artificial hand based on human being 

property [Kuba et al., 1992]. For grasping, three fingers and for re-grasping, four 

fingers are needed, also the hand should be as large as a human hand. Such a hand 

was mounted on a PUMA 560 robot. Each finger possessed three degrees of freedom 

[Pfeiffer, 1996]. It is possible to continuously decode finger position from surface 

EMG signals collected from a generalized electrode placement in a healthy subject. A 

new three-fingered poly-articulated myoelectric prosthesis equipped with position, 

force, and slip sensors which allowed maintaining a stable grasping of the object 

without affecting the user attention was developed. Force sensors at the level of the 

fingertips as well as palm sensors were integrated in the structure [Graupe, el at., 

1994].  

A new type myoelectrically controlled prosthetic hand which simulated the dynamic 

properties of the muscle and stretch reflex was developed. This prosthetic hand 

consisted of the processing units of surface EMG signals, the digital servo system or 

DC motor giving the one-degree of freedom mechanical hand. Usefulness of the 

developed prosthetic hand was showed by myoelectric control experiments with both 

the healthy subject and the amputated subject [Okuno et al., 1996]. A method and a 
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process for developing a soft artificial hand similar to a real human hand for the soft 

actuator which was a pneumatic artificial muscle were used. Actuator was called the 

“Mckibben artificial muscle”. The Mckibben artificial muscle was a pneumatic 

actuator having spring-like characteristics, physical flexibility and light weight mostly 

suitable for robotic applications such as the control of an artificial hand [Lee and 

Shimoyama, 1996]. Amputees could frequently choose to utilize more than one type 

of prosthesis as part of their daily life. For example, a person may wear a myoelectric 

system for most activities, or utilize a body-powered system for heavy-duty or wet 

tasks [Finat et al., 1998]. The development of a sensor for detecting human muscle 

contraction, which captured myoelectric signals, in order to control a myoelectric 

prosthesis of superior limb was realized. This analysis of the signal was carried out 

through software running in a microcontroller to decide opening or closing of the 

artificial hand. New functions (for example, if the hand is open, close, and semi-close, 

etc.) could also be added with a simple alteration in the microcontroller program 

without any hardware alterations [Fermo et al., 2000]. New state functions (for 

example, if the hand is open, close, and semi-close, etc.) could be easily added to the 

prosthesis with a simple alteration in the microcontroller program, without any 

hardware alteration. It proposes a strategy for controlling the artificial hand based on 

the myoelectric signal and using a motor that derives the prosthesis mechanisms. This 

way the patient had a more accurate and easier control of the movement of the 

prosthetic device thus leading to a faster adaptation. Through a control strategy 

method to analyze the myoelectric signal can be defined. Thus, several kinds of 

actuating of the artificial hand can be obtained by a simple binary signal or through 

the analysis of the myoelectric signal. A new approach for controlling the prosthetic 

hand-torque control of each joint was studied. This joint torque was estimated from 

EMG signals using artificial neural network. The learning system was based on 

feedback error learning scheme [Morita et al., 2001]. Electrical prosthetic hands were 

developed for patients, which would fit according to their body shape [Saito et al., 

2005]. A model for predicting force production about the elbow using recorded 

SEMG was developed. In this model the parameters were derived from the SEMG 

data. An estimated parameter used in this model was the relative cross sectional area 

of each muscle. This model consists of three basic blocks: the signal processing block, 

the moment / angle relation and the moment / angular velocity relation. In the signal 

processing block, the RMS value of the recorded SEMG was calculated since the 
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RMS value represents an estimate of the SEMG power and little calculation was 

required. The recorded SEMG was also appropriately scaled using the muscle serial 

cross sectional area [Bouchard et al., 1999]. Conventional prostheses have a simple 

electronic controller, guided solely by the visual feedback to the operator. A 

Southampton hand controller developed was based using a microprocessor where 

information about the forces, points of contact, the shape of the object and whether 

the object was slipping was used to create a secure grasp. There were touches and slip 

sensors in each of the fingertips and the controller was in the electronics package on 

the side of the hand. In the Southampton Hand control scheme, the hand starts 

PARKed, with the processor in a power down-state. Contraction of command muscles 

on the forearm caused the hand to move into the POSITION state from where the 

controller progresses round in a clockwise direction as dictated by user input via the 

arm muscles or contact with the target object [Kyberd, 2000]. The first prototype of a 

five-fingered prosthetic hand and the first attempt to control this mechanism was 

introduced. The mechanism had twenty degrees of freedom and is actuated by only 

three motors. The neural network (feed forward with back propagation training) was 

used to recognize the type of grasp [Zajdlik, 2006]. It was hoped that these results will 

serve as a foundation from which to encourage further investigation into more 

intuitive method for SEMG. 

The elbow joint is one of the most important joints as it forms an integral part of 

almost all arm movements in day to day activities [Bouchard, 1999]. Many prototypes 

are being developed by researchers to improve degree of freedom and simplicity as-if 

natural arm [Saridis et al., 1982; Kuribayashi et al., 1992; Patterson and Katz, 1992; 

Merletti and Lo Conte, 1995; Doringer and Hogan, 1995; Jarc et al., 2006; Casolo et 

al., 2008]. A prototype of a self-contained above-elbow prosthesis which had electric-

powered wrist and elbow joints controlled by an Intel 8751 microcomputer was 

developed. This technique was used to control the positioning of above elbow 

prosthesis using the motion of the intact shoulder [Gibbons et al., 1987]. Myoelectric 

signal (MES) data from remnant muscles in residual upper limbs and analogous intact 

muscles of thirty-two upper-limb deficient subjects were obtained. Spectral 

parameters (mean frequency, median frequency, and equivalent statistical bandwidth) 

of the MES were calculated and examined for significant differences between the 

remnant muscle data and intact muscle data. Other factors were examined for possible 

significant effect on the spectral content of the MES. Although no pattern of spectral 
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difference between the MES of residual versus intact limb muscles was found, 

spectral differences were apparent by visual inspection in most cases [O'Neill et al., 

1994]. 

Practical technique for the design and evaluation of elbow prostheses was developed 

for use in a laboratory environment and issues were well explained [Abul-Haj et al., 

1987]. Myoelectric control system designs were developed for upper arm prostheses 

based on the signal characteristics of intact muscles of non-amputees [Patricia et al., 

1994; Zardoshti-Kermani et al., 1995; Al-Assaf et al., 2006]. Myoelectric prosthesis is 

much appreciated for their easiness in controlling the movements and for the absence 

of wires and braces [Ryait et al., 2009; Joshi et al., 2009]. Differences in pattern of 

SEMGs must be detected for various arm functions (i.e. elbow bending, elbow 

extension, wrist pronation, wrist supination, grasp, etc.) taken at one or several stump 

muscles.  Similarly, parallel to the research of prosthesis interfaces, improved 

functional artificial hands were investigated to provide adaptive grasps using low 

number of actuators [Ishikawa et al., 2000; Light et al., 2001; Schulz et al., 2001; 

Schulz et al., 2005]. Innovative exoskeletons for the elbow require a strong 

collaboration between robotics and neuroscience. The robotic system was coupled to 

the human user and the exoskeleton design based on the human model in terms of 

biomechanics, control and learning strategies [Kiguchi et al., 2001; Cattin et al., 

2003; Pau et al., 2010]. New approaches for classification of electromyography of the 

flexion and extension signals were introduced by the researchers. Multivariate 

autoregressive model was applied to a two-channel set of SEMG signals from the 

biceps and triceps muscles during flexion and extension positions of the elbow. The 

coefficients were used to define the strength of the direction of the signals flow 

between the channels. The classification was demonstrated was limited for two 

dimensional features. A multichannel setup enables more accurate estimation of the 

movement [Latif et al., 2008]. In an investigation, the use of the orthogonal method for 

elbow induced wrist force estimation was done while arm motion was restricted to 

elbow extension and flexion in horizontal plane and under three operating conditions: 

isometric, isotonic and light load. These results were evaluated with different 

nonlinear basis functions. The EMG electrodes were attached to the bicep brachii 

proximal to the elbow, tricep brachii long head and brachioradialis muscles [Kitamura 

et al., 2006; Mobasser et al., 2007]. An actuated artificial elbow prosthesis (robotic 
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elbow prosthesis) for human forearm motion assist that integrated a human and a 

robot into one system and performed as a joint assertive device for the elderly or 

physically disabled persons was developed. An example of implantable joint actuator 

with angular position sensor as an actuated artificial joint was proposed. This elbow 

prosthesis was supposed to be implanted inside of the human arm by elbow 

arthroplasty and to acts as an inner skeleton power assist robot [Kundu, and Kiguchi, 

2007]. 

Acquiring SEMG signal for analysis can be done by using bio-potential acquisition 

systems such as DELSYS BAGNOLI-2, EMG sensor system using PCMCIA data 

acquisition card (NI DAQ PCI-6010) [Xiang, 2007]. Voluntary muscle activity can be 

successfully detected by a laboratory set-up using appropriate filter algorithms 

[Schauer et al., 2004]. Methodological problems related to FFT based techniques for 

the estimation of spectral parameters of the surface myoelectric signal remained 

challenges in this field [Merlettit et al., 1989; Reaz, 2006]. Techniques for 

determining the median frequency of an SEMG signal on line and in real time were 

the attractive developments [Stulen and De Luca, 1981; Micera et al., 2010]. The 

modern spectrum analysis uses various biomedical signal processing techniques and 

power spectrum estimates of SEMGs [Lindstrom et al., 1977; Ogino el.at, 1983; 

Micera et al., 2010]. Performance of various SEMG signal analysis along with 

hardware implementations encouraged SEMG applications related to prosthetic hand 

and human computer interactions [Shahid et al., 2005]. Many studies represent the 

electromyogram of a single motor unit by considering it as a time function determined 

by a convolution integral where a point process input passes through a filter whose 

impulse response was the shape of a single motor unit action potential [Agarwal et al., 

1975; Micera et al., 2010]. Different patterns of time-frequency distribution of the 

myoelectric signals were observed in different biomechanical phases of the movement 

[Bonato et al., 1996]. Mathematical models include time-frequency approaches, 

Fourier transform, Wigner-Ville Distribution, statistical measures and higher-order 

statistics. AI approaches towards signal recognition include Artificial Neural 

Networks, dynamic recurrent neural networks, and fuzzy logic system. Genetic 

Algorithm has also been applied in evolvable hardware chip for the mapping of 

SEMG inputs to desired hand actions [Reaz, 2006; Micera et al., 2010]. 
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The prosthesis should not only duplicate the human hand in shape, functionality, 

sensorization, perception and sense of body-belonging but it should also be controlled 

as the natural one in the most intuitive and undemanding way.  

Myoelectric prosthesis control is difficult to achieve because of the challenging 

problems in optimal selection of features, extracted from a myoelectric signal.  

Dimensionality reduction strategies can be categorized into feature selection and 

feature projection methods according to desired movements. Dimensionality  

reduction  means  to  retain myoelectric  information,  that  is  important  for  

discrimination  and  to  discard  irrelevant  data. “Guilin  Hills Selection  Method” 

showed a statistical cluster analysis  technique with the  goal  to control  electrically  

powered  upper  limb  prostheses with  a minimum number of  sensors  and  a  low-

power processor [Buchenrieder, 2007].  This method distinguished four hand-

positions from myoelectric signals with two sensors.  This method also suggested 

feature combinations that lead to less robust classifications but required fewer sensors.  

In another work, Principal Components Analysis (PCA) based algorithm was used to 

drive a 16 DoFs under-actuated prosthetic hand prototype (called CyberHand) with a 

two dimensional control input, in order to perform the three prehensile forms mostly 

used in activities of daily living. Principal Components set was derived directly from 

the artificial hand by collecting its sensory data while performing 50 different grasps 

and subsequently used for control [Matrone et al., 2010]. A 15 channels of surface 

myoelectric signal was used to collect data but confirmed that only three channels are 

needed to provide excellent pattern recognition-based myoelectric control systems 

(97% classification accuracy on average), provided the channels are chosen carefully. 

It was noted that there was a slight drop in classification accuracy when increasing 

channels. One explanation given for classification accuracy degradation was when 

adding channels there was some loss of useful data during the PCA (for the 15 

channel input case). A second explanation given was that adding additional channels 

to the data increases the complexity of the feature set. PCA assumes that the variance 

in the data corresponds to good feature clustering. It was observed that PCA is 

suitable for data with a low number of channels [Hargrove et al., 2007].  If adding 

additional channels to the data changes the feature cluster to a complex shape then 

performance of the PCA will be degraded.  

This encourages the present investigation for the use of PCA for establishing number 

of channels w.r.t. limb/arm movements for an elbow prosthetic. Functionality, 
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controllability and cosmetics are the key issues to be addressed in order to accomplish 

a successful functional substitution of the human hand by means of prosthesis.  

1.4.2 India 

Most of the theoretical studies relating the SEMG to muscular force suggested that the 

amplitude of the SEMG should increase proportionately with the square root of the 

tension. It has linear relationship. Variations in action potential magnitudes and firing 

frequency have not been taken into account. Mathematical correlations were 

incorporated in a model, the linearity between the SEMG and the muscular force was 

greatly improved [Ray and Guha, 1983]. A comprehensive technique to identify 

single motor unit (SMU) potentials and to decompose from electromyographic signals 

into their constituent SMU potentials was developed. This technique was based on 

one-channel SEMG recordings and was implemented for many clinical SEMG tests 

[Fang et al., 1999]. Electromyography signals in the operation of devices external to 

the human body. It finds numerous applications requiring good precision, quick 

response, design flexibility and ease in control. A variety of myoelectric controller 

algorithms exist but there is immense scope for optimization. An intelligent system 

was proposed which was capable of optimizing the system speed and the number of 

actions that can be selected. Such an optimization involves rigorous mathematical 

analysis. The intelligent system monitors the actions performed [Venkataramanan et 

al., 2004]. A control strategy for below-elbow prosthesis was presented. The neural 

network has been used for the classification. Further, the criteria for the modification 

of the stored pattern have been made bi-directional and the matching criteria have 

been designed for bit-by-bit matching [Arora, 2007]. 

 

1.5 Objectives of the present work 

The following are the objectives of the present work: 

1. Study of various methodologies and algorithms for SEMG signal analysis to 

control myoelectric arm  

2. A comparative study on the analysis of SEMG signal based on different 

postures/movements of arm. 
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3. To develop more powerful, flexible, and efficient SEMG signal interpretation 

with the locations of electrodes on different acupressure points of human arm 

i.e. from shoulder to wrist. 

4. Development of a control methodology to use myoelectric signals from 

muscles which act in synergy with hand function as the control signals to 

operate the prosthesis.  

5. On the basis of above studies, development of a prototype model for 

realization of control methodology for elbow movement. 

 

1.6 Organisation of the thesis 

The thesis consists of seven chapters. Chapter 1 deals with brief description of 

background of SEMG, the need for prosthetic devices and objectives of the present 

investigation. Chapter 2 elaborates the physiological description of generation and 

detection of SEMG signals, followed by an overview of human arm anatomy. Chapter 

3 provides details of implementation of single/multi-channel SEMG acquisition 

system. This chapter further discusses the PC based acquisition process using Matlab 

along with programming concepts and functions/parameters. Various SEMG 

parameters were considered for characterization of the signal. These SEMG 

parameters, had been experimented with variable force exerted by the muscles of 

above-elbow and below elbow, are discussed. Chapter 4 includes the description of 

selective acupressure points and SEMG signal activities at these points. In Chapter 5 

the analysis has been done on the SEMG signals from six locations on arm for four 

movements of hand taken from three male subjects. To understand the optimum 

requirement of number of channels for such interpretations principal component 

analysis was used. Chapter 6 discusses SEMG analysis on the elbow movement for 

the four operations [extension, flexion, supination and pronation] which results in 

control methodology for single-channel and two-channel prototype elbow. A 

prototype elbow based on SEMG analysis for the above elbow has been discussed 

using microcontroller based hardware. A study with an amputee is also included. 

Chapter 7 gives conclusion and future recommendation of the present research work.  
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CHAPTER 2 

PHYSIOLOGY OF SURFACE ELECTROMYOGRAPHIC 

SIGNAL (SEMG) 

 
This chapter elaborates the historical development of the SEMG, ionic pump 
which mobilizes the muscles, details of anatomy of human arm and elbow 
w.r.t. specific movements and in the end different mathematical modeling of 
SEMG are accumulated to draw SEMG properties for proper organization of 
the work.  

 

 

Dutch anatomist and biologist, Jan Swammerdam (1637-1680) discovered that 

stroking the innervating nerve of the frog’s muscles gastrocnemius generated a 

contraction. Alessandro Volta (1745-1827) developed a device which produced 

electricity, which could be used to stimulate muscles. Luigi Galvani (1791) credited 

as the father of neurophysiology for his similar work with frogs’ legs and showed that 

electrical stimulation of muscular tissue produces contraction and force. Carlo 

Matteucci in 1838 showed that bioelectricity is connected with muscular contraction 

and again in 1842 demonstrated the existence of the action potential accompanying a 

frog’s muscle. Emil Du Bois-Reymond (1818-1896) in 1848 detected electrical 

activity in voluntary muscle contractions of man. He had placed subject’s fingers in 

saline solution with removed skin to reduce transfer resistance and detected signal 

through electrodes connected to galvanometer when subjects contracted muscles. 

Herbert Jasper (1906-1999) in 1942 constructed the first electromyograph at McGill 

University (Montreal Neurological Institute). He also created a unipolar needle 

electrode and used his instruments to perform groundbreaking work with epilepsy and 

neurology. SEMG technologies are due to the efforts by many such researches and 

still needed to be explored. 

 

2.1 Human bio-signals 

The simple example of biomedical signal is body temperature. Its importance and 

valued in the assessment of fever of an ill patient, is an example of a biomedical 

signal application. There are many more bio-medical signals in the human body 

which can give us the significance for monitoring the health conditions. Many signals 

are present in normal human beings which brain generates to control body 
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movements. Interpretation, decomposition and application of biological signals and 

other forms of bioelectrical manifestations of physiopathological events needed to be 

decoded. Bioelectrical signal means a collective electrical signal acquired from any 

organ that represents a physical variable of interest. Extracting the information 

contained in these signals is a tempting task that many engineers and physiologists 

undertake with pleasure and determination a challenge that is difficult to resist. Some 

of those kinds of signals are: the electrocardiogram (ECG), the electromyogram 

(EMG) and the electroencephalogram (EEG). 

EMG is the study of muscle electrical signals. EMG is sometimes referred to as 

myoelectric activity. Muscle tissue conducts electrical potentials similar to the way 

nerves do known as muscle action potential. Surface EMG (SEMG) is a method of 

recording the information present in these muscle action potentials from the skin 

surface. This signal is normally a function of time and is describable in terms of its 

amplitude, frequency and phase. The SEMG signal measures electrical currents 

generated in muscles during its contraction representing neuromuscular activities. The 

nervous system always controls the muscle activity (contraction/relaxation). SEMG 

signal is a complicated signal, which is controlled by the nervous system and is 

dependent on the anatomical and physiological properties of muscles as shown in Fig. 

2.1[Kyberd, 2000]. Fig.2.1 shows the time and frequency variations in SEMG. SEMG 

signal acquires noise while traveling through different tissues. Moreover, the SEMG 

detector, particularly if it is at the surface of the skin, collects signals from different 

motor units at a time which may generate interaction of different signals. The action 

potential is the electrical signal that accompanies the mechanical contraction of a 

single cell when stimulated by an electrical current (neural or external) as shown in 

Fig. 2.2 [Farnsworth, 2004]. It is caused by the flow of sodium (Na+), potassium (K+), 

chloride (Cl-), and other ions across the cell membrane. The action potential is the 

basic component of all bioelectrical signals. Nerve and muscle cells are encased in a 

semi-permeable membrane that permits selected substances to pass through while 

others are kept out. Body fluids surrounding cells are conductive solutions containing 

charged atoms known as ions. In their resting state, membranes of excitable cells 

readily permit the entry of K+ and Cl- ions, but effectively block the entry of Na+ ions 

(as the permeability for K+ is 50-100 times that for Na+). The inability of Na+ to 

penetrate a cell membrane results in the following: 
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 Na+ concentration inside the cell is less than that outside. So, the outside of the 

cell is more positive than the inside of the cell. 

 To balance the charge, additional K+ ions enter the cell, causing higher K+ 

concentration inside the cell than outside. 

 Charge balance cannot be reached due to differences in membrane 

permeability for the various ions. 

 

Fig. 2.1 Spectral modification which occurs in the EMG signal during sustained 
contractions [Kyberd, 2000] 

 

 

Fig. 2.2 Typical waveform of an action potential [Farnsworth, 2004] 

 

A state of equilibrium is established with a potential difference, with the inside of the 

cell being negative with respect to the outside. A cell in its resting state is said to be 
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polarized. Most cells maintain a resting potential of the order of – 60 to -100 mV until 

some disturbance or stimulus upsets the equilibrium.  

When a cell is excited by ionic currents or an external stimulus, the membrane 

changes its characteristics and begins to allow Na+ ions to enter the cell. This 

movement of Na+ ions constitutes an ionic current, which further reduces the 

membrane barrier to Na+ ions. This leads to an avalanche effect: Na+ ions rush into 

the cell. K+ ions try to leave the cell as they were in higher concentration inside the 

cell in the preceding resting state, but cannot move as fast as the Na+ ions. The net 

result is that the inside of the cell becomes positive with respect to the outside due to 

an imbalance of K+ ions. A new state of equilibrium is reached after the rush of Na+ 

ions stops. This change represents the beginning of the action potential, with a peak 

value of about +20 mV for most cells.  

 

 

 

 

Fig. 2.3 (a) Resting state      (b) Depolarization       (c) Repolarization 

 

An excited cell displaying an action potential is said to be depolarized, the process is 

called depolarization. After a certain period of being in the depolarized state the cell 

becomes polarized again and returns to its resting potential via a process known as 

repolarization. Membrane depolarization, while increasing the permeability for Na+ 

ions, also increases the permeability of the membrane for K+ ions via a specific class 

of ion channels known as voltage-dependent K+ channels. The key to the mechanism 

for repolarization lies in the time-dependence and voltage-dependence of the 

membrane permeability changes for K+ ions compared with that for Na+ ions. The 

permeability changes for K+ during depolarization occur considerably more slowly 

than those for Na+ ions, hence the initial depolarization is caused by an inrush of Na+ 

ions. However, the membrane permeability changes for Na+ spontaneously decrease 

near the peak of the depolarization, whereas those for K+ ions are beginning to 

increase.  During repolarization, the predominant membrane permeability is for K+ 

ions, because K+ concentration is much higher inside the cell than outside, there is a 

Na+ 

K+ 
+++ 

+ 
K+ 

Na+ 
+ 

+++ 
K+ 

Na+ 
+ 

+++ 



 2-5

net efflux of K+ from the cell, which makes the inside more negative thereby effecting 

repolarization back to the resting potential. The voltage-dependent K+ permeability 

change is due to a distinctly different class of ion channels than those that are 

responsible for setting the resting potential. 

A mechanism known as the Na+ - K+ pump extrudes Na+ ions in exchange for 

transporting K+ ions back into the cell. This transport mechanism carries very little 

current in comparison with ion channels, and makes a minor contribution to the 

repolarization process. Na+ - K+ pump is essential for resetting the Na+ and K+ 

balance of the cell, but the process occurs on a longer time scale than the duration of 

an action potential. Nerve and muscle cells repolarize rapidly, with action potential 

duration of about 1ms. Fig. 2.3 demonstrates the cell mechanism of Na+ -K+ pump 

during action potential [Bruce, 1999] 

The action potential is always the same for a given cell, regardless of the method of 

excitation or the intensity of the stimulus beyond a threshold: this is known as the all-

or-none or all-or-nothing phenomenon. After an action potential, there is a period 

during which a cell cannot respond to any new stimulus, known as the absolute 

refractory period (about 1ms in nerve cells).  

 

2.1.1 Propagation of an action potential 

Once initiated by a stimulus, the action potential propagates along the whole length of 

a fiber without decrease in amplitude by progressive depolarization of the membrane 

as shown in Fig. 2.4 [Alberts et al., 1998]. Current flows from a depolarized region 

through the intra-cellular fluid to adjacent inactive regions, thereby depolarizing them. 

Current also flows through the extra-cellular fluids, through the depolarized 

membrane, and back into the intra-cellular space, completing the local circuit. The 

energy to maintain conduction is supplied by the fiber itself. Axons often have an 

insulating sheath that lets nerve impulses travel faster. This sheath is made of a fatty 

substance called myelin, which consists of glial cell membranes wrapped around the 

axon as shown in Fig. 2.5. The myelin of the neurons in the brain is composed of 

oligodendrocytes, while that of the neurons in the peripheral nervous system is 

composed of Schwann cells.  The myelin sheath does not cover the entire axon; it 

leaves small sections uncovered. These small exposed sections are called nodes of 

Ranvier. They are spaced from 0.2 to 2 millimeters apart.  The reason that the myelin 
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sheath speeds up neural conduction is that the action potentials literally jump from 

one node of Ranvier to the next. In fact, these nodes are the only places where the ion 

exchanges that generate the action potential can take place. This process is called 

saltatory conduction (from the Latin saltare, meaning “to jump”), as opposed to the 

much slower, continuous propagation that occurs in non-myelinated axons.  In this 

way the information in the form of chemical ions flows in the human body. 

In many ways the action potential is not the movement of voltage or ions but the flow 

of these ion channels opening and closing moving down the axon. This movement of 

the ion channels explains why the action potential is slow relative to the normal flow 

of electricity. The normal flow electricity is the flow of electrons in an electrical field 

and electricity travels at the speed of light while these ion channels movement is 

considerably more slowly. These are mechanical movements and cannot move nearly 

at the speed of light. The nerve cell in the spinal cord gets excited which causes an 

electrical signal, or action potential, to move down the axon of the nerve cell (i.e. the 

axon that travels down the arm from the spinal cord). Once the action potential 

reaches the axon terminal, neurotransmitters are released and travel through the 

synaptic cleft (the space between the axon terminal of the nerve cell in the spinal cord 

and the receptors on the muscle cell) to neurotransmitter receptors on the muscle cell. 

The neurotransmitters and neurotransmitter receptors bind, which causes the muscle 

cell to get very excited. Once the muscle cell is excited then the muscle contracts (or 

moves) as shown in the Fig. 2.6 [Beals et al., 1999]. 

The nervous system depends on neurons working together to transmit signals. 

Neurons are special cells that have plasma membranes capable of generating and 

conducting electric impulses. Each neuron is composed of dendrites that collect 

information from other neurons, a cell body where nerve impulses are initiated, an 

axon along which impulses are conducted, and axon terminals that synapse with a 

target cell such as another neuron or muscle tissue.  

The electric potential of neurons is responsible for signal transmission. The inside of a 

neuron generally has an excess of negative charges. When a neuron is unstimulated, 

the difference in electric charge across the plasma membrane is the resting potential. 

A neuron is sensitive to physical or chemical changes that cause changes in the resting 

potential. A sudden and rapid reversal in charge across the membrane is called an 

action potential. When a neuron is stimulated, the action potential moves along the 

axon to the axon terminals to the target cell. The post-synaptic membrane of the target 
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cell integrates the information it receives. In order for the target cell to be stimulated, 

the stimulus must be greater than the target cell's action potential. Neurotransmitters 

that affect the membrane bring about an excitatory postsynaptic potential (EPSP). 

When several EPSP's arrive at the cell body simultaneously, the potential is summed 

over the number of synaptic knobs, and an action potential may be reached as shown 

in Fig. 2.7[Stencel, 1992]. 

   

Fig. 2.4 Propagation of an action potential in 
an axon [Alberts et.al, 1998] 

Fig. 2.5 Axon myelination 

 

   
Fig. 2.6 Neurotransmitters and 

neurotransmitter receptors bind 
[Beals et.al, 1999] 

Fig. 2.7 Action Potential with EPSP 
[Stencel, 1992] 
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2.2 Anatomy of human arm 

The human arm is multitalented – its hand can perform powerful grasping tasks as 

well as delicate ones. The large forceful muscles for the former have their proximal 

attachments in the arm and forearm in order to achieve the desired angle of pull. They 

attach to appropriate parts of the hand and wrist by means of long tendons, but their 

muscle bellies and origins are far from the hand, hence the designation "extrinsic". 

They run down the forearm and cross the wrist and hand. Some control only the 

bending or straightening of the wrist. Others influence the movement of the fingers or 

thumb. Many of these muscles help position and hold the wrist and hand while the 

thumb and fingers perform fine motor skills. Intrinsic muscles are small and are 

entirely confined to the region distal to the long bones of the forearm. The intrinsic 

muscles guide the fine motions of the fingers by getting the fingers positioned and 

holding them steady during hand activities. The flexors are on the underside of the 

forearm and the extensors are on the top.  The forearm has the convenient dividing 

line of its two long bones (radius and ulna) and the strong interosseous membrane that 

connects them. The muscles on the volar side are said to lie in the anterior 

compartment, and generally flex or pronate the hand. They can be envisioned as being 

in 3 groups- superficial, middle, and deep [Online ref.8; Online ref.9; Boyd et al., 

1956; Arora, 2002, Netter, 2006; Online ref. 19].  

Extrinsic muscles, anterior compartment (flexor-pronator group) as showed in Fig. 

2.8(a) Superficial, (b) Middle and (c) Deep. Muscles on the dorsal side of the 

interosseous membrane are said to lie in the posterior compartment, and generally 

extend or supinate the hand. They can be further subdivided according to their actions 

(acting on the wrist joint, fingers, or thumb).  

Posterior compartment (extensor-supinator group) as shown in Fig. 2.9(a) Wrist-level 

hand motion, (b) Finger motion and (c) Thumb motion. Table 2.1-2.6 explains the 

functional anatomy of the arm which will help to acquire SEMG for particular 

movement/posture from a selected electrode site [Online ref.8; Boyd et al., 1956; 

Arora, 2002; Netter, 2006; Online ref. 19].  
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Fig. 2.8 (a) Superficial muscles of the anterior compartment 
(b) Middle muscle of the anterior compartment 

(c) Deep muscles of the anterior compartment [Online10] 
Illustrations on this page by William Scavone, MA, CMI   

Kestrel Illustration Studio, LLC [http://www.kestrelstudio.com] 
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Table 2.1 
Functionality description of superficial muscles group 

Important muscles Action 
Pronator Teres 
Origin: 
Humeral head: medial epicondyle, medial supracondylar 
ridge and medial intermuscular septum 
Ulnar head: medial border of coronoid process  

 
Pronates forearm and 
flexes elbow 

Flexor Carpi Radialis 
Origin: 
Common flexor origin of medial epicondyle of humerus 

 
Flexes and abducts wrist 

Palmaris Longus 
Origin: 
Common flexor origin of medial epicondyle of humerus 

 
Flexes wrist and tenses 
palmar aponeurosis 

Flexor Carpi Ulnaris 
Origin: 
Humeral head: common flexor origin of medial 
epicondyle. Ulnar head: aponeurosis from medial 
olecranon and upper three quarters subcutaneous border 
of ulna  

 
Flexes and adducts wrist. 
Fixes pisiform during 
action of hypothenar 
muscles 

  
 Table 2.2 

Functionality description of middle muscles group 
Important muscles Action 

 
Flexor Digitorum Superficialis 
Origin: 
Humeral head: common flexor origin of medial 
epicondyle humerus, medial ligament of elbow.  
Ulnar head: medial border of coronoid process and 
fibrous arch.  
Radial head: whole length of anterior oblique line  

 
Flexes proximal 
interphalangeal joints and 
secondarily 
metacarpophalangeal 
joints and wrist  
 

 
 Table 2.3 

Functionality description of deep muscles group 
Important muscles Action 

 
Flexor Pollicis Longus 
Origin: 
Anterior surface of radius below anterior oblique line 
and adjacent interosseous membrane   

 
Flexes distal phalanx of 
thumb  
 

Flexor Digitorum Profundus 
Origin: 
Medial olecranon, upper three quarters of anterior and 
medial surface of ulna as far round as subcutaneous 
border and narrow strip of interosseous membrane 

Flexes distal 
interphalangeal joints, then 
secondarily flexes 
proximal interphalangeal 
and metacarpophalangeal 
joints and wrist 

Pronator Quadratus 
Origin: 
Lower quarter of anteromedial shaft of ulna 

Pronates forearm and 
maintains ulna and radius 
opposed 
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Fig. 2.9 (a) Muscles of the posterior compartment that act on the hand at the 
wrist joint 

(b) Muscles of the posterior compartment that act on the fingers 
(c) Muscles of the posterior compartment that act on the thumb [Online10] 

Illustrations on this page by William Scavone, MA, CMI   
Kestrel Illustration Studio, LLC [http://www.kestrelstudio.com] 
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Table 2.4 
Functionality description of wrist/hand motion muscles group 

Important muscles Action 
 

Extensor Carpi Radialis Longus 
Origin: 
Lower third of lateral supracondylar ridge of humerus 
and lateral intermuscular septum  

 
Extends and abducts hand 
at wrist 
 

Extensor Carpi Radialis Brevis 
Origin: 
Common extensor origin on anterior aspect of lateral 
epicondyle of humerus 

 
Extends and abducts hand 
at wrist  

Extensor Carpi Ulnaris 
Origin: 
Common extensor origin on anterior aspect of lateral 
epicondyle of humerus 

Extends and adducts hand 
at wrist   
 

 

Table 2.5 
Functionality description of fingers motion muscles group 

Important muscles Action 
 

Extensor Digitorum 
Origin: 
Common extensor origin on anterior aspect of lateral 
epicondyle of humerus 

 
Extends all joints of 
fingers   
 

Extensor Indicis 
Origin: 
Lower posterior shaft of ulna (below extensor pollicis 
longus) and adjacent interosseous membrane  

 
Extends all joints of index 
finger 

Extensor Digiti Minimi 
Origin:  
Common extensor origin on anterior aspect of lateral 
epicondyle of humerus 

 
Extends all joints of little 
finger 
 

 

Table 2.6 
Functionality description of thumb motion muscles group 

Important muscles Action 
 

Abductor Pollicis Longus 
Origin: 
Upper posterior surface of ulna and middle of posterior 
surface of radius and interosseous membrane 

 
Abducts and extends 
thumb at carpometacarpal 
joint 

Extensor Pollicis Brevis 
Origin: 
Lower third of posterior shaft of radius and adjacent 
interosseous membrane 

 
Extends 
metacarpophalangeal joint 
of thumb 

Extensor Pollicis Longus 
Origin: 
Middle third of posterior ulna (below abductor pollicis 
longus) and adjacent interosseous membrane  

 
Extends interphalangeal 
and metacarpophalangeal 
joints of thumb 
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2.2.1 Muscles group for elbow movement 

The elbow joint is a complex of three joints that share the same synovial sheath. 

These are the humeroradial, humeroulnar and superior radioulnar joints. The 

humeroradial and humeroulnar joints allow flexion and extension at the elbow whilst 

the superior radioulnar, humeroradial and the more distal inferior radioulnar joints 

allow the specialized actions of supination and pronation. This action is a rolling of 

the radius around the ulna that produces an apparent rotation of the wrist around a 

longitudinal axis. The elbow flexors and extensors can be seen in Fig. 2.10 [Online 

ref.11].  

 

 

 

 

Fig.2.10 Dorsal aspect and Ventral aspect of the arm [Sellers: Online ref.11] 
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Triceps is the main extensor; brachialis and biceps brachii are the main flexors. 

Biceps brachii is also a major supinator and this action stops it being an effective 

flexor of the prorated forearm. The study needed to be carried out in the muscles 

segments; firstly, muscles act to flex at the elbow, secondly muscles act to extend at 

the elbow, thirdly muscles that act to pronate and finally muscles act to supinate. 

Using the anatomy of active muscles helped in finding the location for the placement 

of electrodes.  

Anatomy of arm is divided into the following four groups of muscles as contributing 

in assisting a particular movement. 

 

2.2.1.1 Muscles that act to flex at the elbow 

These groups of muscles include biceps brachii (prime mover), brachialis and 

brachioradialis. The Brachialis (Fig. 2.11a) is attached to the humerus and ulna. This 

muscle is only able to move the elbow joint and is always active in any movement of 

this joint. It lies underneath biceps brachii and is not very obvious externally. When 

extending the forearm, it stabilizes the movement by slowly relaxing. Biceps brachii 

(Fig. 2.11b) muscle acts across two joints — the elbow and the shoulder and produces 

a more complex range of movement than brachialis. Biceps brachii has no attachment 

to the humerus at all. It attaches to the scapula by two separate tendons so called 

‘biceps’. Due to these complicated attachments biceps brachii is able to produce a 

variety of movements. Brachioradialis (Fig. 2.11c) is a muscle of the forearm that acts 

to flex the forearm at the elbow [Online ref.8; Online ref.12; Online ref.13, Online 

ref.19].    

   

2.2.1.2 Muscles that act to extend at the elbow 

The groups of muscles include triceps brachii (prime mover) and anconeus. The 

Triceps brachii muscle (Fig. 2.11d) is the large muscle on the back of the human 

upper limb. It is the muscle principally responsible for extension of the elbow joint 

(i.e. straightening of the arm). It is called a three headed muscle because there are 

three bundles of muscle, each of different origin, joining together at the elbow. The 

anconeus (Fig. 2.11e) is a small triangular muscle, which lies on the elbow joint and 

appears to be a continuation of the triceps brachii. It assists in extending the forearm. 

http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Forearm
http://en.wikipedia.org/wiki/Elbow
http://en.wikipedia.org/wiki/Upper_limb
http://en.wikipedia.org/wiki/Elbow


 2-15

2.2.1.3 Muscles that act to pronate the arm 

The groups of muscles include pronator teres, pronator quadrates and brachioradialis. 

The pronator teres is a short muscle connecting the ends of the humerus (upper arm 

bone) and ulna to the radius (forearm bones). Its function is to rotate the arm toward 

the inside when the hand is turned so that palm is facing downward [Online ref.8]. 

 

2.2.1.4 Muscles that act to supinate at the elbow 

The groups of muscles include supinator, biceps brachii and brachioradialis. The 

supinator (Fig. 2.11e) muscle assists Biceps brachii in supinating the hand, which is 

turning it over so that the palm faces up. To isolate the supinator muscle, supinate the 

hand whilst extending the elbow as this takes out the biceps muscle [Online ref.8; 

Online ref.12; Online ref. 13; Online ref. 19].    

 

2.3 The Human elbow joint 

The elbow joint consists of three bones: the distal humerus, the proximal ulna, and the 

proximal radius; and three distinct articulations: the humeroulnar, humeroradial, and 

superior radioulnar joints as seen in Fig. 2.12. While the humeroulnar and 

humeroradial articulations are distinct from one another, together they form the elbow 

articulation. The humeroradial articulation exists primarily to assist the superior 

radioulnar joint. The humeroulnar joint is the main source for bending at the elbow 

and can be modeled as a hinge joint. In fact, prosthetic elbows are designed as a 

simple hinge joint. The superior radioulnar joint is mechanically described as a pivot 

joint with a single axis of motion. The elbow joint complex can be kinematically 

modeled as two revolute joints: one allowing for flexion/extension (bending) at the 

elbow and the other for pronation/supination (twisting) of the forearm. The flexion-

extension axis is pitched 10-15 from parallel due to the shape of the articulation 

between the ulna and humerus, known as the “carrying angle”. This angle differs 

between males and females, where it averages 11 for adult men and 14 for adult 

women. It also differs between adults and children, where it averages 6 for children 

[Goehler, 2007]. 

http://www.sportsinjuryclinic.net/cybertherapist/muscles/biceps_brachii.php
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(a) (b) (c) 

 

(d) (e) 

 

(f) (g) 

 

Fig. 2.11 (a) Biceps brachii (b) Brachialis (c) Brachioradialis  
(d) Triceps brachii (e) Anconeus (f) Supinator   

(g) Pronator teres & Pronator quadratus 
Illustrations by Mary Jo Adams, KNR 181 Anatomy Labs, Horton [Online ref.14; 

Online ref.19] 
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Fig. 2.12 Human elbow joint [Goehler, 2007] 

 

2.4 Selection of SEMG locations on arm based on active muscles groups 

Anatomical study of muscle groups for both above elbow and below elbow for the 

movements like flexion/extension/supination/pronation/wrist-up/down helped to 

demark six locations on below elbow and two on above elbow portion. These selected 

locations were used for further analysis as per the thesis objectives later in the 

chapters. 

 

Fig. 2.13 Selective locations for SEMG analysis 

For below elbow analysis, locations were prefixed with letter “c” for easy 

identification. Descriptions of the syntax used [below elbow] cw = on wrist palm 

side; cwb = on opposite side of the wrist; cam = below arm middle palm side; camb = 

on opposite side of cam; cbet = below elbow thumb side; cbeb = below elbow little 

finger side. 

Syntax for elbow movements analysis uebt = above elbow thumb side; ueblf = 

above elbow little finger side; bebt = below elbow thumb side; beblf = below elbow 

little finger side. 

uebt 

ueblf 

cbeb or  
beblf 

cbet  or 
bebt 

camb 
cwb 

cw cam Palm 
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2.5 Mathematical models of SEMG 

Recent advances in technologies of signal processing and mathematical models have 

made it practical to develop advanced SEMG detection and analysis techniques. In 

2006 various mathematical techniques and artificial intelligence have received 

extensive attraction [Huang et al., 2000]. Mathematical models include wavelet 

transform, time-frequency approaches, Fourier transform, Wigner-Ville Distribution, 

statistical measures and higher-order statistics.  

The study of SEMG is becoming more popular for its unique capabilities as described 

by human-robot interaction and control of prosthetic arms. Human factor studies 

include the voluntary and non-voluntary (reflex) excitation. It is mentioned that in 

many applications, such as analysis of sports activities, ergonomic design analysis, or 

teleoperation of robotic devices, the use of force sensors for the measurement of 

generated limb forces is impractical or inconvenient. The use of inexpensive and 

easily portable active electromyogram electrodes and position sensors would be 

advantageous in these applications compared to the use of force sensors, which are 

often very expensive and require bulky frames [Mobasser et al., 2007]. A human-

robot interaction prototype of implantable two DOF inner skeleton robots (i.e., robotic 

elbow prosthesis) to assist the elbow flexion-extension motion and forearm 

supination-pronation motion had also designed and developed [Kundu et al., 1992]. 

The robotic prosthesis was controlled based on the activation patterns of the muscles 

electromyogram signals by applying a fuzzy-neuro control method. The EMG 

controlled elbow prosthesis can be expected to be an artificial joint for the next 

generation. To use myoelectric or electromyogram signals as command and/or control 

signals, it is necessary to process the signal in order to extract the information [Arora, 

2002].  

A number of methods for processing SEMG signals have been used for the purpose of 

control of limb prosthesis segments of the SEMG signal to preserve information. For 

the study of developments of prosthesis hand the main sections are SEMG signal 

properties, mathematical model for explaining the SEMG signal and the design 

approach for artificial hand. In the present study different types of the statements on 

SEMG properties and models based on different mathematical facts along with their 

end equations is recorded. Also, the study on types of controlling methods for 

artificial hand is described as one form being body - powered terminal devices and 

other being myoelectric controls type. Mathematical modeling of the 
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electromyographic signal (EMG) signal is a tool to explore proper methods of muscle 

activity. It gives the understanding how different physiological and physical factors 

alter the signal detected at the skin surface. 

 

2.5.1 EMG Model as low pass filter 

EMG of a single motor unit can be defined as function of time by a convolution 

integral [Agarwal et al., 1975] as given below: 

 dpthte
t

)()()(
0
  , where p ( ) is series of unit impulses or Dirac delta 

functions which passes through a filter whose impulse response is h (t) as in Fig. 2.14. 

The time function h (t) describes the shape of a single motor unit action potential. The 

Fourier Transform (FT) of equation is E (jω) = H (jω) P (jω), where H (jω) is the FT 

of the impulse response and P (jω) is the FT of the random pulse train. 

 

Fig. 2.14 EMG for a single motor unit model as low pass filter [Agarwal et al., 1975] 

 

The FT for a train of such pulses from a single unit of this shape is given by: 
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2.5.2 Non-stationary model for the EMG 

In this model [Shwedyk et al., 1977], neural pulse train inputs were considered which 

passed through linear, time invariant systems that represented the motor unit action 

potential (MUAP). Fig. 2.15 shows the EMG signal generation model. The outputs 

were then summed to produce the EMG. It was assumed that in the production of 

muscle force, the controlled parameter was the number of active motor units, n (t). 

The model then showed that the EMG can be represented as an amplitude modulation 

process of the form EMG = [K n (t)] 1/2 w (t) with the stochastic process, w (t), having 

the spectral and probability characteristics of the EMG during a constant contraction. 

h(t) 
 

H(jω) 

p(t) 
 

P(jω) 

e(t) 
 

E(jω) 
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Fig. 2.15 Model for EMG signal generation [Shwedyk et al., 1977] 

 

2.5.3 Pseudo-periodic model for myoelectric signal 

This model represented that SMES as an infinite train of bursts of activity [Helal et 

al., 1989]. Assuming linearity between MUAP's and the detection site, each burst 

results from the summation of N MUAP's filtered through low-pass functions: 

 dnTtAMUAPthtSMES
n

N

n

u
nu )().()(

1
  


 





  

where, T is the activation period of the muscle,  hu (t) are filter functions between 

MU'S and the detection site, AMUAP(t) is the average MUAP assumed identical for 

the N MU'S, u
n are random delays of MUAP's in each burst, n is the burst index, u is 

the MU index. SMES (t) is a process of infinite energy. Final result shows that the 

filter function between φAMUAP( f) and φSMES( f) consists of two characteristic parts, 

denoted as W( f ) and B ( f ), 

 
2.5.4 Auto-regression model 

Auto-regression (AR) modeling has become a common technique for parameterizing 

linear systems / signals [Knox et al., 1993]. The model is based on the linear 

difference equation for the discrete time signal, 



p

k
k nuknxanx

1

)()()( , where the 

input u (n) is assumed to be white noise. The coefficients, ak are estimated by a least 

squares minimization of the estimation error. Auto-regressive coefficients confirmed 

to be possible features for a pattern recognition scheme for upper limb EMG. 

Although the EMG  signal  is  not  fully  stationary,  it was taken as-if  this signal is  

sufficiently  stationary per  each  limb function considered  to yield  AR  parameters 
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whose range of variation  with  time  is  adequately small  to  facilitate discrimination 

between limb functions [Graupe et al., 1994]. 

 

2.5.5 Integral pulse frequency and amplitude modulation, IPFAM model 

A basic IPFAM model of EMG signals during locomotion was developed [Zhang et 

al., 1995]. The IPFAM model has three main elements: the PFM, the PAM, and the 

linear system. The PFM describes the variations in the EMG caused by changes in the 

nerve firing rates, the PAM describes the association of the EMG amplitude with 

variations in muscular force, and the linear system, p(t), represents the compound 

motor unit action potential (CMUAP) including the effects of propagation dispersion 

and tissue filtering. In the IPFAM model, the potential rises until a pre-determined 

threshold is reached, which causes an action potential or event to occur. With the 

frequency modulating signal 1+ m1cos(2πfpt + θ) and the amplitude modulating signal 

Ao+ Ascos(2πfst + γ), where Ao, is the DC-level, ml is the modulation depth, As is the 

amplitude, fp is the PFM modulating frequency, and fs , is the PAM modulating 

frequency, the expression of the IPFAM can be derived as: 
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o  , where A (f), B (f) and C (f) are the three mentioned 

functions. 

 

2.5.6 SEMG to force model 

Fig. 2.16 shows the block diagram of EMG to force model [Anctil et al., 1998]. This 

model consists of three basic blocks namely the signal processing block, the moment / 

angle relation and the moment / angular velocity relation. In the signal processing 

block, the RMS value of the recorded SEMG was calculated. The moment / angle 

block contains the force / length properties of the individual muscles. These properties 

were derived from static contractions of the muscles at different angles and loads. The 

last block consists of two sub blocks: the moment to force conversion and the force 

/angular velocity relation which describes the force / velocity properties of the 

muscles. Data were collected under static and dynamic both conditions. In the static 

case, the subject holds the applied load with a constant elbow angle and the angle was 

varied from 40 to 130 degrees in intervals of 10 degrees. These measurements were 

used to determine the moment / angle properties of the muscles. In case of dynamic, 
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the subject moved the elbow at approximately constant velocity from 40˚ to 130˚ 

(flexion) and from 130˚ to 40˚ (extension) for different loads. 

 

Fig. 2.16 EMG to force model block diagram [Anctil et al., 1998] 

 

 2.5.7 Dipole model 

An efficient new method for modeling surface electrode potentials in which action 

potential is represented in terms of two oppositely directed dipoles propagating down 

the fiber [Anctil and Slawnych, 1998]. In a dipole model, the current is assumed to be 

concentrated at two different points along the fiber. Potential φ recorded by a point 

electrode in response to a source current I located at a distance R using the definition 

of a partial differential, φ2 (t) can be expressed as follows: 
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σ is the conductivity of the medium. The potential recorded by a surface electrode in 

terms of a spatial integration of the potential function with respect to the electrode 

surface A:  
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Fig. 2.17 shows the comparison of the potentials derived from a single muscle fiber 

using the discrete point and analytical methods. The potential calculated using the 

analytical method is illustrated by the heavy lines, and the corresponding discrete 

point potentials are illustrated by the thinner lines. The number of points used to 

derive each discrete point potential is indicated to the left of the potentials in a 

schematic depiction of the surface electrode [Anctil and Slawnych, 1998]. According 

to this research the relationship between the numbers of points used to define the 

electrode and the amplitude and inter-peak distance errors. The error values drop to 
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approximately 5% with an electrode represented by 20 points, and it is less than 1% 

when the number of points is equal to 100. 

.  

Fig. 2.17 Comparison of the potentials derived from a single muscle fiber 

 [Anctil and Slawnych, 1998] 

 

2.6   SEMG Properties 

A myoelectric signal or electromyography (EMG), also called a motor action 

potential, is an electrical impulse that produces contraction of muscle fibers in the 

body. Myoelectric signals are detected by placing three electrodes on the skin. 

Normally the EMG is acquired in differential mode. Two electrodes are positioned so 

there is a voltage between them when a myoelectric signal occurs. The third electrode 

is placed in a neutral area, and its output is used to cancel the noise that can otherwise 

interfere with the signals from the other two electrodes. Myoelectric signals have 

frequencies ranging from a few hertz to about 300 Hz and voltages ranging from 

approximately 10 μV to 1 mV. A Typical SEMG pattern is shown in Fig.2.18. 

 

Fig. 2.18 Typical SEMG pattern 
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SEMG is the current state-of-the art technique to control externally-powered 

prostheses. Electromyogram is an electric manifestation of muscle contractions. 

SEMG signal collected from surface of the skin a non-invasive bioelectric signal 

which can be used in different rehabilitation applications and artificial extremities 

control [Weir et al., 2003; Khezri, et al., 2007]. SEMG signal are composed of MUAP 

generated by the activated motor units. The motor unit is the smallest functional entity 

of the muscle that can be voluntary activated. It consists of a group of muscle fibers 

all innervated from the same motor nerve. With   increasing muscle force SEMG 

becomes interferential due to the increase in the number of activated MUAPs 

recruited at increasing firing rates, making it difficult for the neurophysiologist to 

distinguish individual MUAP waveforms [Chauvet et al., 2001]. The 

electromyographic signal from upper limb musculature can be used to identify motion 

commands for the control of an externally powered prosthesis hand [Hudgins et al., 

1993]. The SEMG decomposition described a new technology for obtaining new 

parameters of the EMG signal which provide insight into the control of motor units 

during muscle contractions. Whereas the SEMG signal detected from the muscle is 

almost exclusively used to relate the amplitude and timing of the muscle excitation to 

other characteristics of muscle contractions. The new parameters provide information 

appertaining to the firing rate of motor units, the relationship of firing rates among the 

concurrently active motor units and the force produced by the muscle among other 

parameters [Agarabi et al., 2004]. SEMG signals are also used as a control signal for 

prosthetic devices such as prosthetic hands, arms and lower limbs [Gopura and 

Kiguchi, 2008]. In clinical setting, the level of threshold is set empirically so as to 

prevent cross-talk from another SEMG site interfering with the signal of the site being 

set-up [Weir et al., 2003]. Alternatively, an algorithm can be used to automatically 

detect onset using a threshold based on the statistics of the measured signal [Micera et 

al., 2010]. SEMG signals acquired from muscles require advanced methods for 

detection, decomposition, processing, and classification. The various methodologies 

and algorithms for SEMG signal analysis to provide efficient and effective ways of 

understanding the signal and its nature was described. The some of the hardware 

implementations using SEMG focusing on applications related to prosthetic hand 

control, grasp recognition and human computer interaction were also discussed. This 

knowledge will help researchers to develop more powerful, flexible, and efficient 

applications [Reaz et al., 2006; Micera et al., 2010]. 



 2-25

SEMG property is very important for understanding human body movements. Several 

investigators have given their opinions relating to SEMG properties as shown in Table 

2.7. This study will help us to understand the technical characteristics of SEMG 

which will help further in developing the acquisition system and prosthetic devices. 

Table 2.7 

  Description of SEMG signal- properties 

Author Description of SEMG Signal Properties 

Graupe,1975 EMG signal is a time series model and could be 
considered stationary over sufficiently short time 
interval.  

De Luca, 1979 The EMG signal stochastic with typical amplitude of 0-
6mV. The usable frequency range of 0-600Hz.  

Huang et al., 2000 Surface EMG signals are nonlinear and stochastic. They 
are contributed by the summation of triggered motor 
units with respect to the measuring electrode location 

Kiguchi et al., 2004 The EMG signal (0.01–10 mV, 10–2,000 Hz) is one of 
the most important biological signals which directly 
reflect human muscle activities since it is generated when 
the muscles contract. The EMG is a measure of an 
integration of electrical potentials from many muscle 
fibers. 

Reaz et al., 2006 The amplitude range of EMG signal is 0-10 mV (+ 5 to -
5) prior to amplification. EMG signals acquire noise 
while traveling through different tissue.  

Micera et al., 2010 The amplitude of SEMG without amplification ranges 
from -5 mV to 5 mV or 0 to 1.5 mV (rms). SEMG 
bandwidth ranged from 0 Hz to 500 Hz. 

 

 

 

 

 

 

 

 

Chapter’s Summary:   

The elaboration in this chapter helps in understanding bio-potential, SEMG properties and muscle 

anatomy. This will help in developing acquisition system and prosthetic devices. 
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CHAPTER 3 

SEMG SIGNAL ACQUISITION SYSTEM AND METHODOLOGY  

 
This chapter describes the implementation of a cost-effective 
SEMG amplifier and the SEMG recording methodology using 
MATLAB is presented. The SEMG amplifier is so planned to be 
the essential part of the control system of the multifunctional 
robotic arm. 

 

 

SEMG exhibits complex behavior with nonlinear dynamic properties. This behavior 

takes the form of SEMG patterns with different complexities. Still there is a need of 

behavior analysis in a simplified way to assess the activity of muscles of hand - grip. 

It is an exceedingly complicated signal which is affected by various factors such as 

the anatomical and physiological properties of muscles, the control scheme of the 

peripheral nervous system, as well as the characteristics of the instrumentation for 

detection and processing [De Luca, 1979; O’Neill, Morin and Scott, 1994; De Luca, 

1996; Cram et al., 1998]. Microcontroller bioinstrumentation prototype system as part 

of the development of an active prosthesis structure that allows the acquisition and the 

processing of electromyographic signals and other data related to the articulate 

movement. The information obtained is processed in order to obtain appropriate 

myoelectric parameters for prosthesis control [Delis et al., 2008; Mangieri et al., 

2008].  

Many ways for such integrated designs were proposed out of which the less 

complicated, efficient, mobile and cost-effective was selected for the present 

investigation.  The aim was to develop a system which could be an efficient data 

acquisition system whereas the same circuit could be used in prosthetic device for 

SEMG detection. Moreover the set-up should portable so that it could be used at 

location where subjects desire. Such an experimental set-up was realized to interface 

with soft-scope of MATLAB using PC-sound card for acquisition via softscope. The 

development of the setup was to explore an easy technique to store raw SEMG 

signals, collect SEMG by the specially designed surface bipolar electrodes and to 

describe the extracted parameters of SEMG signal with the help of the MATLAB/ 

MS-EXCEL. The emphasis was given on approach of analyze for various parameters 

like RMS-value, slope of the SEMG wave-shape, standard deviation, variance, etc. for 

the relationship between electrode location and various arm movements.  
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3.1 Design of single channel experimental set-up 

 The basic building blocks of the SEMG signal detection are depicted in Fig. 3.1. The 

system was used to build a single-channel SEMG experimental set-up consisting of 

bipolar electrodes, differential amplifier, non-inverting amplifier, filter circuit and 

isolating interface module. Each is discussed independently below: 

 

3.1.1 Surface electrodes 

There are two types of electrodes for obtaining EMG signals, inserted (invasive) 

electrodes and surface electrodes. The ease of use and lack of pain associated with 

surface electrodes makes their implementation for this project preferable. Surface 

electrodes come in many varieties, with most characterized by the number of contacts. 

Some different types of surface electrodes are monopolar, bipolar, tripolar and 

multipolar (all of whose geometry is described by there name).  

 

 

Fig. 3.1 Block diagram of single channel acquisition system 

 

For the purpose of the present investigation a bipolar electrode configuration was used 

along with a reference electrode in order to implement the differential amplifier. 

SEMG amplifier was designed to use a skin surface electrode, which was a bipolar 

electrode. Three Ag-AgCl type electrodes were arranged at the vertices of the 

equilateral triangle having dimension of one inch, which were placed at distance in 

order to avoid short circuiting among the electrodes. Electrodes were soldered to a 
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snap-on and sewed on a piece of plastic as shown in Fig. 3.2. Electrodes were placed 

firmly to the skin to avoid unstable skin contact by using strap wrapped around the 

forearm as shown in the Fig. 3.3.  

 

Fig. 3.2 Electrode used 

 

Fig. 3.3 Strap wrapped around the arm with electrodes 

 

The signal was picked up by the electrodes and transmitted to amplifier. Any bipolar 

electrode readily available in the market can also be used with small alteration in the 

gain of non-inverting amplifier. The purpose of the non-inverting amplifier was to 

provide fine tuning of required gain. 

With the bipolar electrode the optimal position of the electrodes is parallel to the 

muscle fibers in order to maximize the probability of proper signal acquisition. Fig. 

3.4 shows an example of electrode placements and the resulting potentials. As per 

figure, the desired position for electrodes is on the belly of the muscle and not on the 

outer edge of the muscle where other muscles could interfere with the muscle under 

examination. The spectrum plot describes the location of the electrodes [De Luca, 

1997]. For the multifunctional analysis which is the prim objective of the present 

investigation the placement becomes the vital issue.  
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Fig. 3.4 Electrode placement and their related FFTs [De Luca, 1997] 

 

3.1.2 Amplifier section 

Amplifiers suitable for biomedical applications must usually have a high common-

mode rejection and a high differential input resistance. Although several integrated-

circuit operational amplifiers possess these qualities, it has been difficult to obtain 

satisfactory performance with respect to the SEMG properties in practical circuits. 

Advent of modern electronics and the process of differential amplification have 

enabled the measurement of SEMG signals of low noise and high signal fidelity. With 

differential amplification, it is possible to measure the full effective bandwidth of the 

EMG signal. There are several important properties to consider in a pre-amplifier: 

• High common mode rejection ratio 

• Very high input impedance 

• Short distance to the signal source 

• Strong DC signal suppression 

In the present research work, SEMG signals were acquired in deferential mode 

operational amplifier using LM324 having a gain of 1000 by placing bipolar electrode 

on the skin. The SEMG signal was again amplified by a non inverting amplifier with a 

gain of 10. Both amplifiers were prepared using single chip LM324 [datasheet]. Three 

Opamps of LM324 were used to make the electronics circuit compact. LM324 was 

selected for its general purpose applications, low-cost, CMRR about 65-80 and 

importantly single power supply driven. Fig.3.5 shows pre amplifier and amplifier 
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circuit used in the study. The circuit was selected as it operates on single power 

supply. The same circuit will be beneficial for prosthetic device.  
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Fig. 3.5 Pre amplifier and amplifier circuit 

 

3.1.3 Peak filter section 

SEMG signals are specified between 20 to 300 Hz [Reaz et al., 2006; Arora, 2007; 

Ryait et al., 2009]. It emphasized the need of a band pass filter. To eliminate the 

interference of 50 Hz and hum by the nearby AC source, a narrow peak filter with 

central frequency of 180 Hz [Texas Instruments, 2001] was used. The peak filter used 

is advantageous as it gives additional gain of 10 at central frequency. Fig. 3.6 shows 

the circuit diagram of the peak filter and Fig. 3.7 shows its frequency response. This 

filter circuit passes all the frequencies and increases the amplitude of frequencies near 

central frequency having narrow band width.  It results in neither elimination nor 

attenuation of the frequency spectrum within this bandwidth as by other conventional 

filters. The values of the components were calculated by the following design 

equations [Texas Instruments, 2001]. 

 

Design Equations: 

□ Pick C2 = C3 

□ Calculate R1 = 
FrequencyC *2**2

1

π
 

□ Calculate R2 = R1+ 19*R1 

□ Calculate R3 = R1/19 

□ Calculate C1 = C4 = 100 to 1000 times C2 
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Fig. 3.6 Peak filter amplifier 
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Fig. 3.7 Spectrum of the peak filter at 180Hz (Multisim plot) 

 
SEMG signal has been classified in the range of 10 to 300 Hz by most of the 

researches and is widely accepted. 50 Hz interference is always distorting SEMG. 

When prosthetic device is developed with wide band-pass filter, the chances to 

interference increases and harmonics (i.e. 150 Hz, 200 Hz, etc) plays the vital role in 

the malfunction of the prosthetic. Usually notch filters and comb-notch filters are used 

to remove the interference. In the present investigation the circuit as shown in Fig. 3.6 

was selected with central frequency 180 Hz. This was selected to be precise in the 

range >100 Hz and < 200 Hz having narrow bandwidth to reduce AC interference. 

This adds a benefit of additional gain in the pass-band. This amplifies the desired 

SEMG only. Bandwidth and gain factor do not depend on R3. Therefore, R3 can be 

used to modify the mid frequency with out affecting bandwidth or gain. The aim was 

to develop RMS based control-methodology for elbow prosthesis; therefore this very 

circuit was selected. 
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3.1.4 Interfacing section 

For capturing and analysis using MATLAB an interface circuit was used where signal 

was passed to opto-coupler as isolating circuit. This isolating circuit feeds the mic-in 

socket of the sound card of computer (when operated by AC supply only). The sound 

card output was acquired by MATLAB softscope. The SEMG measurements were 

synchronized with MATLAB-softscope, sampled at 8 kHz. Computer having in-built 

sound card was used for data acquisition. Interfacing was developed to connect 

SEMG signal amplifier circuit and the sound card. MATLAB softscope was 

initialized for acquiring the data by using winsound as its adaptor. This interface was 

developed with MCT2e opto-coupler with transistor biasing. The transistor used was 

of another MCT2e. It helps in faithful amplification and isolation of the amplifier 

signal. It provides positive DC offset to the input signal. The output of the circuit was 

interfaced to computer from the mic- IN/OUT probe. The anti aliasing, low pass filter 

of 1500 Hz cut-off frequency was placed just before input of sound card. This filter 

was used to eliminate the effect of overlapping of frequencies to get proper FFT. 

MCT2E
MCT2E

R1

R2

1kOhm 

MIC IN

MIC OUT

To PC

Sound Card==>

C1

0.1uF 

R3

R4

R5

VCC

 

Fig. 3.8 Interfacing circuit 

 

Fig. 3.8 shows the interfacing using MCT2e optocoupler receives amplified signal 

from the peak filter at resistor “R1”.  R1 was connected to the base of a transistor of 

another MCT2e optocoupler which passes the positive half to resistor “R4”, the 

collector resistor working as open collector configuration. The second optocoupler 

was working as a load. The diode of this optocoupler swings as the current in the 

output circuit. It remains forward biased for all the time due to Vcc (9 volts).  The 

variation of diode current passes optically to the transistor. This transistor gets Vcc 
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from the mic-in port of computer. The transistor was made to work as headphone-mic. 

The variations of its collector current were passes to ADC of sound card of the 

computer in the same way as by headphone-mic as shown in Fig. 

3.9[www.mathswork.com]. This very circuit is used when AC rectified supply was 

used. 

A typical data acquisition session consists of four steps: 

1.  Initialization: Creating a device object. 

2.  Configuration: Adding channels and controlling acquisition behavior with 

 properties. 

3.  Execution: Starting the device object and acquiring or sending data. 

4.  Termination: Deleting the device object. 

 

 
 

Fig. 3.9 Aquisition system [www.mathswork.com] 
 

Most soundcards are wired to the positive DC bias voltage to the ring but a small 

number of non-standard soundcards have the bias voltage wired to the tip. A few 

cards have a jumper which enables or disables the power to the microphone jack. If 

the jumper is put on, the bias voltage (+ 5 V through a few kilo ohm resistors) is 

wired to the tip. Newer main boards with stereo microphone support will provide the 

bias voltage for both the tip and ring. Stereo cards with just two audio channels have 

only the green (output), blue (input) and pink (microphone) jacks. 

 

3.1.5 Acquiring data with a sound card 

A sound card (also known as an audio card) is a computer expansion card that 

facilitates the input and output of audio signals to and from a computer under control 

of computer programs. Typical uses of sound cards include providing the audio 

component for multimedia applications such as music composition, editing video or 

audio, presentation, education, and entertainment (games). Many computers have 

sound capabilities built in, while others require additional expansion cards to provide 
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for audio capability. Connectors on the sound cards are colour coded as shown in 

Table 3.1 as per the PC System Design Guide. They have symbols with arrows, holes 

and sound waves that are associated with each jack position; the meaning of each is 

given below: 

Table 3.1 
Sound card color code 

Color Connector 

Lime Green Line-Out, Front Speakers, Headphones 

Pink Microphone 

Light Blue Stereo Line In 

Orange Subwoofer and Center out 

Black Rear Surround Speakers for 5.1 and 7.1 systems 

Gray Middle Surround Speakers for 7.1 systems 

Gold Midi / Game port (Joystick) 

 

Most sound card microphone inputs require a minimum signal level of at least 10 

millivolts, but some older 8-bit cards need as much as 100 millivolts. The typical 

impedance of the PC soundcard microphone input is in order of 1 to 20 kohms (can 

vary from card to card). Sound Blaster soundcards (SB16, SB32, AWE32, AWE64 or 

Live) from Creative Labs have a 3.5mm (1/8 inch) pink stereo jack for the 

microphone input as shown in Fig. 3.10, with the following pin out:  

1. Signal input (tip) 

2. +5V bias (ring) 

3. Ground (sleeve) 

 
Fig. 3.10 Microphone jack 

3.1.6 Softscope 

SoftScope is a graphical user interface for selecting and configuring data acquisition 

sources in MATLAB and then acquiring, viewing, and analyzing data using a 

familiar, oscilloscope-like interface. SoftScope quickly verify hardware operation and 

perform live data analysis using a library of built-in measurement functions. 

SoftScope was extended with the analysis functions and export data from SoftScope 

to the MATLAB workspace. 
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Fig. 3.11 Snapshot of Oscilloscope screen 

 

3.2 Design of two channel Experimental Set-up 

In the single channel approach the mic-in socket was used to design the interfacing 

circuit whereas in two channel system the stereo Line-in socket was used. The 

difference between the two is shown in the Fig. 3.12. R and L stands for right channel 

and left channel respectively. 

 

(a)    (b) 

 Fig. 3.12 (a) Stereo Line-in   (b) Mic-in socket 
 
Two channel acquisition was done using stereo control was developed using coupling 

capacitors as isolators/interfacing components.  Here interfacing circuit was not used 

as output of the amplifier was kept restricted to 3 volts (as recommended by sound 

card orts). Rest all other sections are the same as explained earlier. Fig. 3.13 shows 

the block diagram for the two channel recording system used in the investigation. 

Channel is symbolized to the two inputs of line in socket. Simultaneously two signals 

can be acquired from the channels. This helps in the study of SEMG signals from two 

different locations. Using sound card and win-adaptor gives additional befit to acquire 

the signal at sampling rate of 8000Hz to 44100Hz.   
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Fig. 3.13 Block diagram of two channel acquisition system 

 

3.3 Methodology Used 

The softscope initialized for the hardware setting to use winsound. The trigger of 

softscope was kept at continuous mode. After triggering the waveform appears on the 

softscope it was stored in the workspace manually. Two forms of dataset were 

recorded: In the first way 960 data samples were recorded in continuous mode for the 

time window of 120 msec of softscope at sample rate of 8000 Hz in the work space. 

The samples were stored in the workspace with a specific name. In the second 

approach 5000 samples were recorded in continuous mode at sample rate of 8000 Hz. 

The time window becomes 0.625 sec.  MATLAB program was made to filter 70 Hz to 

240 Hz as band pass filter- FIR filter. Then Y = fft(X, n) returns the n-point DFT. 

Each DFT is of 4096 point. The whole process of the recording and analysis is given 

in the flowchart shown in Fig. 3.14. The softscope initialize the hardware setting to 

use winsound as its adaptor. The sound card driver was kept to Line-in for the 

recording. The trigger of softscope was kept at continuous mode. After triggering the 

waveform appears on the softscope which was stored in the workspace manually by 

selecting export function. 
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Fig. 3.14 Flow chart for feature extractions 

 

3.4 Parameters evaluated for analysis 

For the prosthetic devices the controllers based on the available technologies are 

complex and bulky. Seven parameters were evaluated for the interpretation of SEMG 

signal.  

 

1. SEMG signal is an alternating signal of some frequency so RMS value was 

calculated in MATLAB using the data from workspace using the formula as: 

2][ meanrms VV =  

The unit of measurement is volts. 

2. Energy and power of a signal are also very useful to characterise signals. Total 

energy of a discrete time signal x[n] over [n1], [n2] was calculated by formula: 

2
2

1

][∑=
n

n

nxEs  

The unit of measurement is volts-square. 

Initialization of MATLAB-softscope 

Placing and fixing of electrode pad at proper location. 

Turn on power of amplifier circuit 

Data acquisition and storing as workspace data at some folder 

 

Running M-file program for plotting: 
• Raw SEMG signal 
• Different parameters as median frequency, maximum frequency 

and five numbers of dominant frequencies using FFTs 
 

Calculation of parameters of SEMG signal 
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3. Another interesting feature was proportionality relations between SEMG 

signal’s frequency and amplitude. To deduce these features collectively, a 

term “Slope” was developed. Slope of a signal is the ratio of amplitude and 

time interval of the peak pulse in the signal. The time interval is the duration 

from the time when signal reaches the peak to the time where signal reaches to 

the next peak. Fig. 3.15 shows evaluation of parameter “Slope”. SEMG is a 

complex signal with large portion of noise; hence the parameter Slope 

individually gives the relation of amplitude rise to the variation in the 

frequency. Change in frequency parameter was less as compared to amplitude. 

The parameter “Slope” is an easy way to extract SEMG signal information 

taking both amplitude and frequency variations into consideration 

simultaneously. The unit of measurement is volts/sec. 

 

 

 

 

 

 

Fig. 3.15 Evaluation of parameter “Slope” 

 

4. Another parameter median frequency (mf) as described by De Luca [Stulen et 

al., 1981] was calculated. It is mean of frequencies having magnitude more 

than half of the peak amplitude. The unit of measurement is Hz. 

5. Next parameter is the most prominent frequency (peak freq). The unit of 

measurement is Hz. 

6. Another parameter is average frequency (Av freq) which is mean value of five 

dominant frequencies of the FFT spectrum. The unit of measurement is Hz. 

7. Lastly, the amplitude (peak freq ampl) of peak freq was deduced by FFT. For 

explanation of behaviour of each selected parameters middle section of the 

arm muscle (i.e. below elbow and above the wrist) was selected. The unit of 

measurement is volts. 

 

A program was developed to plot the waveforms of raw filtered SEMG signal, FFT 

plots and to calculate different parameter above mentioned parameters. 

 Slope 



 3-14

 

3.5 Observations for establishing working of acquisition system and chosen 

parameter for SEMG signals 

Many parameters were discussed above for the analysis with the aim to develop RMS 

based prototype elbow, the amplitude based parameters needed to be studied. This 

section establishes the observations about the parameters for SEMG analysis to be 

done in consecutive chapters. Importantly to observe are Vrms and slope. These 

parameters were tested for SEMG, force exertion measurements and under muscle-

fatigue to observe both the increase and decrease as per the set convention of SEMG 

behaviour. 

 

3.5.1 SEMG variations for hand gripping 

To understand the SEMG signal’s behavior the measurements were carried out. Three 

cases were studied; firstly NO SEMG, secondly LOWSEMG and thirdly 

HIGHSEMG.  

 

3.5.1.1 Acquisition Details 

Arm was kept at rest. Initially the data was acquired without moving the hand, called 

NO SEMG case. Secondly keeping arm as it is, but closing of the hand grip i.e. closed 

with moderate force called LOWSEMG case. Thirdly, closed with full tight clinched 

gripped called as HIGHSEMG case was studied. Six parameters were evaluated for 

the interpretation of SEMG signal as explained in the section above.  

1. RMS value (Vrms)  

2. Energy of signal (Es) 

3. Slope 

4. Median frequency (mf) 

5. Peak frequency (Peak freq) 

6. Peak frequency amplitude (Peak freq ampl) 
 

The study was carried out to relate grip force of hand with the above mentioned 

parameters to observe the behavior of Vrms and slope which were later used for 

statistical analysis and prototype development. Middle section of the arm muscle (i.e. 

below elbow and above the wrist, palm side) was used for the signal measurement as 

shown in the Fig. 3.16.  



 3-15

 

Fig. 3.16 Location for SEMG analysis  

 

3.5.1.2 Results and discussions 

Fig. 3.18- 3.19 shows the captured SEMG waveform and the FFTs of the three cases 

(NO SEMG, LOW SEMG and HIGH SEMG) respectively. FFT plots confirm the 

action of narrowband filter and the rise in the amplitude with the force. Table 3.2 

shows all the six calculated parameters for comparison.  Fig. 3.17 and Table 3.2, Vrms 

gives an indicative rise in the three cases and depict the proportionality with the force 

of contraction of the muscles. With the slope function, the force level can be 

defined with an ease. It is amply clear that all the amplitude related parameters 

give relationship of SEMG activity and force level. Frequency based parameters 

like mf and peak freq remained in the selected band confirming SEMG 

acquisition. This gives the effectiveness of the Peak filter used in acquisition 

system and confirms the frequency from the SEMG frequency band. 

Table 3.2 
Parameters for comparison  

  NO SEMG LOW SEMG HIGH SEMG 

Vrms (V) 0.0226 0.0706 0.2908 

Es (V2) 0.2343 2.395 40.6822 

Slope (V/sec) 45.0413 111.0816 566.0864 

mf (Hz) 148.4375 175.7813 198.2422 

Peak freq(Hz) 149.4141 205.0781 214.8438 

Peak freq ampl(V) 3.061 10.8305 58.7226 
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Fig. 3.17 Plots for comparison of chosen parameters 
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Fig. 3.18 Plots for NO SEMG, LOWSEMG and HIGHSEMG from the location 
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Fig. 3.19 Plots for ffts of NO SEMG, LOWSEMG and HIGHSEMG from the 

selected location 

3.5.1.3 Statistical approach 

The electrical activity of a muscles measured by SEMG exhibits complex behavior 

with nonlinear dynamic properties. This behavior takes the form of SEMG patterns 

with different complexities. Considering this fact, the statistical theory may be a better 

approach than traditional linear methods in characterizing the intrinsic nature of 

SEMG. The study of the characterization can contribute to the understanding of the 

SEMG dynamics and underlying muscles processes and search for its physiological 

significance. SEMG patterns at the locations for the different three cases of grip were 

considered for the statistical analysis. In the present study, SEMG analysis for various 

parameters like standard deviation, average absolute deviation, variance etc. were 
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calculated. The data samples were recorded and processed by program and then 

exported to MS-EXCEL where the in-built statistical functions were used for 

comparison. Few of the selected functions were: 

 

1. The standard deviation was measure to see dispersion from the average value 

(the mean). The equation used for standard deviation is given below: 

2

22 )(

n

xxn∑ ∑−

 

2. Average of the absolute deviations is a measure of the variability in a data set 

which calculates the average of the absolute deviations of data points from 

their mean. The equation used for average deviation is: 

∑ −
_1
xx

n . 

3. Sum of squares of deviations calculates the sum of squares of deviations of 

data points from their sample mean. The equation used for the sum of squared 

deviations is: 

2
_









−∑ xx

 

4. Variance calculates variation based on the entire population. The equation is:  

( )
2

22

n

xxn∑ ∑−
 

Table 3.3 shows the statistical observation of above parameters. This comparison 

helps in understanding the statistical parameters in the analysis of SEMG as shown in 

Fig. 3.20. Later in chapter 5 and 6, the principal component analysis will be based on 

covariance. SEMG relation with the force exerted by muscles has been represented by 

statistical parameters mentioned above.   

However, sum of squares of deviations of data points from their sample mean 

shows remarkable change. Parameter variance was also showing discriminating 

result. 

Table 3.3  
Statistical parameters vs SEMG 

Statistical Parameters NO SEMG LOW SEMG HIGH SEMG 

Standard Deviation 0.022 0.110 0.192 

Average Deviation 0.018 0.085 0.155 

Sum of Squares of Deviations of Data Points 
from their Sample Mean. 

0.234 5.619 17.00 

Variance 0.0005 0.0122 0.037 
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Fig.3.20 Plots comparing amplitudes of dominant frequencies 

 

3.5.2 Below elbow Force – SEMG relationship using gripping equipment 

Same analysis was carried out again to further establish the relation using grip force 

measuring exercising instrument as shown in Fig. 3.21. This study helped in 

understanding relationship of the chosen parameters with the force exerted by the 

grip. A grip-force measuring exercising instrument was used as shown in Fig. 3.21 

and location of acquisition as shown in Fig. 3.22 (mid of arm, palm side) 

 

 

Fig. 3.21 Exercising Gripper with measuring gauge 

 

Fig. 3.22 Exercising gripper with electrode on the selected location 
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3.5.2.1 Acquisition Details: An instrument was used to exercise the gripping of hand. 

As the grip was tighten the gauge shows the deflection for the force exerted during 

gripping, known as gripping force. This study helps in getting descriptive relationship 

of the SEMG vs. parameters at pressure points with the force exerted through the grip. 

The force measuring instrument can measure up to 140 kg of grip force. A person has 

different maximum voluntary contraction and hence the maximum force. It was 

observed that the maximum level was 38 kg approximately with comfortable exertion. 

Hence at different gripping force say 3 kg, 6 kg, 9 kg etc., the SEMG was recorded 

from the location using single channel acquisition system. The parameters selected for 

the study were Vrms, Slope, Median Freq, Variance, Standard deviation and Av Freq 

[As explained in section 3.4]. 

Table 3.4 
 Parameters for comparison  

Force  
[kg] Vrms  Slope  

Median 
Freq  

Av 
Freq 

Sum of squares of 
deviations of data 
points from their 
sample mean 

Variance Standard 
deviation 

0 0.0632 639.99 148.44 155.92 4.1838 0.0043 0.0659 

3 0.0989 1110.5 170.9 178.06 9.4510 0.0103 0.1017 

6 0.1251 1129.9 159.18 162.27 17.3406 0.0180 0.1343 

9 0.1417 1429.3 157.23 145.02 21.7080 0.0225 0.1502 

13 0.1749 1962.1 159.18 169.43 33.0264 0.0343 0.1853 

20 0.2455 3239.1 170.9 167.32 68.0239 0.0707 0.2660 

28 0.3683 3281.2 166.02 165.69 145.4499 0.1513 0.3890 

38 0.3532 3763.6 175.78 166.83 145.8791 0.1517 0.3896 
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Fig. 3.23 Plot between force vs Vrms and force vs slope 
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Fig. 3.24 Plot of force vs standard deviation and variance 
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Fig. 3.25 Plot of force vs median frequency and average frequency 

 

3.5.2.2 Results and discussions 

At different gripping force, the SEMG was recorded from the location say 3 kg, 6 kg, 

9 kg etc.. Variation was kept from 0- 38 kgs. Fig. 3.23 –3.25 is shows parametric 

comparisons as per Table 3.4.  Fig. 3.23 shows the variation of force and Vrms 

which remains linear from 0 to approximately 85% of the maximum force 

exerting capacity of the person, similarly the slope values change are remarkably 

observed. After that SEMG generated by the body remains constant or start to 

decrease due to fatigue. Fig. 3.24 refers to statistical parameters “variations and 

standard deviation” which further justifies the observation made by Fig. 3.23. Lastly, 

Fig. 3.25 refers that SEMG Av freq to verify the frequency values from the selected 

SEMG band only. 

 

3.5.3 Above elbow Force – SEMG relationship using gripping equipment 

One of the objectives is to study the elbow movement. So SEMG variation for above 

elbow muscles for bending of elbow was studied using apparatus bullworker 

exercising machine as shown in the Fig. 3.26. One end of the bullworker was kept 

fixed and on the other end force is applied by the arm as shown. As the arm bends the 

bullworker was pressed and the indicator for the force/pressure applied moves. On 

releasing the force the indicator remains at the level of maximum exerted force.  

 

3.5.3.1 Acquisition details 

Three male subject of age group 30-35 years were selected. Location selected was 

middle of the above elbow arm, palm side (on biceps). Recording was done by using 

single channel system with parameters chosen were: Vrms, Es, pk amp, Slope, mf, Av 

freq and peak freq [As explained in section 3.4].  To study the force exerted by the 

mf 
 
Av freq 
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above elbow muscles, bullworker exercising equipment was used. This equipment has 

been scaled in kg to measure the force exerted at its both ends. One of the ends was 

kept fixed and the other end was press as shown in Fig. 3.26. Four force levels were 

selected for the study marked as cw80, cw100, cw110 and cw130. cw80 indicates the 

force exerted by the above elbow muscles is of 80kg and is so for the others. This 

study gives the observation of above elbow SEMG with force exerted which 

encouraged the analysis for finding suitable locations along with suitable no.s of 

electrodes for elbow movements. The same is discussed in chapter 6. 

     
Fig. 3.26 Bullworker exercising equipment 

 
Table 3.5 

SEMG variations and force on Bullworker 
 cw80 cw100 cw110 cw130 

Vrms 0.0722 0.122 0.1369 0.1834 

Es 2.5222 7.1996 8.7935 16.3072 

pk amp 12.3011 22.1937 31.5855 34.4348 

slope 642.9719 1164.8 1411.1 2342.6 

mf 163.0859 150.3906 168.9453 165.0391 

Av freq 147.8271 134.0332 136.8408 180.7861 

pk freq 169.9219 174.8047 178.7109 163.0859 
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Fig. 3.27 Plot for the SEMG parameters measured by exercising equipment 

 

3.5.3.2 Results and discussions 

Four selected force levels were taken for the analysis and shown in Table 3.5. Each 

parameter had different range, so different plots were opted to plot for comparison. 

Again a linear increment was registered for slope, Vrms, Es and pk amp but mf, Av 

freq and pk freq showed a little rise in frequency.  

Therefore in any muscle, when the contraction level increases, amplitude 

dependent SEMG parameters also increase. The fact remains the same for every 

where i.e. either below elbow muscles or above elbow muscle. 

 

3.5.4 Fatigue of arm muscles for prolonged contraction 

SEMG plays vital role in the fatigue test if a muscle is put on contraction for a longer 

duration the ability to sustain contraction reduces with some pain. The SEMG signal 

features are analyzed  in bicep bracii muscle during fatiguing isometric flexions and 

recovery periods across a range of force levels was investigated [Lowery et al., 2003, 

Farina et al., 2004; Hong-Chun et al., 2005; Dingwell et al., 2010,  Gaur et al., 

2010]. Averaged instantaneous frequency is as an alternative method for the 

frequency analysis of surface electromyography in the study of muscle fatigue during 

sustained, isometric muscle contractions [Georgakis et al., 2003]. The effect of the 

dynamic fatigue differs from that of isometric fatigue and Fourier transform is 

suitable to study the evolutions of the mean frequency of the SEMG for dynamic 

fatiguing exercises at moderate speed and low force level [Caohua et al., 2007]. It is 

possible to observe variations of the time-frequency distribution, probably related to 

the fatigue processes that take place inside the muscle tissue during dynamic 

contractions [Bonato et al., 1996]. Different patterns of the time-frequency 
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distribution of the myoelectric signal in different biomechanical phases of the 

movement were analyzed. Surface electromyography signals at different levels of 

maximum voluntary contractions to analyze spectral shifts in mean, median 

frequencies, root mean square and rectified root mean square to assess muscle fatigue 

patterns is often computed [Zaman et al., 2007].  Already, numbers of studies mention 

the good performance of wavelets in transient SEMG processing for fatigue detection, 

reaction time detection or pattern recognition [Karlsson et al., 2001; Knaflitz et al., 

1999]. 

 

3.5.4.1 Acquisition Details 

In this present analysis prolonged contraction was examined in the case of 

HIGHSEMG (as mentioned in section 3.5.1.1). The aim was to check whether the 

amplitude decrease with the time during prolong contraction of a muscle happens to 

all the frequency components in the SEMG waveform. Measuring instrument was 

pressed at a force level 28 kg (dial reading) and SEMG was acquired with the gap of 

duration of about 30 sec keeping the same force applied in gripping. On the other 

hand another investigation was done to observe the amplitudes of first five dominant 

frequencies present in the filtered SEMG signal. A comparison was done by 

extracting the amplitudes of five dominant frequencies in the FFT during prolonged 

contraction. 

Table 3.6 
 SEMG for prolong contraction 

  cin cin1 cin2 cin3 cin4 cin5 

Vrms 0.21 0.10 0.08 0.07 0.07 0.03 

Es 20.86 4.80 3.20 2.16 2.09 0.52 

Slope 402.72 165.55 146.34 152.35 133.13 43.70 

mf 191.41 183.59 167.97 164.06 171.88 152.34 

Peak freq 191.41 183.59 167.97 164.06 171.88 152.34 

Peak freq ampl 42.53 18.89 15.10 8.94 11.02 4.93 

Table 3.7 
FFT amplitude of dominant frequencies of SEMG for prolong contraction 

FFT 
peaks 

cin cin1 cin2 cin3 cin4 cin5 

 Ampl Freq. Ampl Freq. Ampl Freq. Ampl Freq. Ampl Freq. Ampl Freq. 

I Peak 42.52 207.0 18.88 203.1 15.09 199.2 8.9 152.3 11.02 183.6 4.93 46.9 

II Peak 38.77 191.4 17.98 179.7 9.64 175.8 8.13 195.3 8.41 195.3 3.99 179.7 

III Peak 15.60 167.9 11.42 218.8 7.28 156.3 7.89 171.9 8.24 207.0 3.96 148.4 

IV Peak 14.78 179.6 6.62 62.5 6.54 46.9 7.17 179.7 7.27 144.5 3.41 58.6 

V Peak 11.46 156.2 5.93 230.5 5.86 144.5 6.29 62.5 6.42 214.8 3.00 210.9 
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Fig. 3.28 Plots showing effect of prolonged contraction 
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Fig. 3.29 Plots comparing amplitudes of dominant frequencies 
 

3.5.4.2 Results and discussions 

Table 3.6 shows the SEMG variation with time where “cin” stands for instant of start 

of prolonged closing operation of hand grip. “cin1” stands for the values after 30 sec 

of interval and so on.  Fig. 3.28 shows the variation of each calculated parameters of 

Table 3.6. Muscles have the property that they can produce a very high force initially 
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but after some time of contraction the ability to induce force reduces along with some 

pain.  

Parameters depending upon the amplitude of SEMG signal such as Vrms, Es and 

pk amp show a decrease in the values with time and parameter slope is also 

showing the similar characteristics.  

Table 3.7 describes the calculated peaks of five dominant frequencies present in the 

FFT spectrum. Fig. 3.29 shows the variation of the FFT-peak’s amplitudes with the 

duration of time which is again decreasing for all the frequencies components.  

It was observed that for the design of proper prosthetic devices an important fact 

may be kept under preview that prolong use of the device may get poor SEMG 

signals. The controller should have the capability of adjusting the threshold level 

after some duration to get proper degree of controllability. The acquisition must 

be taken within time limit for proper SEMG analysis.   

 

 

 

 

 

 

 

Chapter’s Summary:   

The SEMG acquisition system has been designed to acquire SEMG signals from 

muscle on the forearm. The amplifier provides the input for the analog interface of the 

computer using sound card. The SEMG acquisition system was developed to measure 

and record the signals from the subjects. Users have the options to select a variety of 

voltage scales and time scales to display the output signals. The study of different 

parameters in relation to SEMG variations with force level has been carried out and it 

has been found that both amplitude related parameters and selected statistical 

parameters give view of force level. Proposed function slope gives good 

representation of the SEMG. The design of proper prosthetic devices an important 

fact may be kept under preview that prolong use of the device may get poor SEMG 

signals. The controller should have the capability of adjusting the threshold level after 

some duration in order to get proper degree of controllability. 
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CHAPTER 4 

SEMG ANALYSIS AT ACUPRESSURE POINTS 

 

In this chapter SEMG at acupressure points on arm was studied. 
For pain relief or reflexive actions acupressure technique are very 
well accepted. In search of best electrode locations/site acupressure 
points must also be considered. 

 
 

Acupressure points (also called potent points) are places on the skin that are 

especially sensitive to bioelectrical impulses in the body and conduct those impulses 

readily. Traditionally, Asian cultures conceived of the points as junctures of special 

pathways that carried the human energy that the Chinese call chi and the Japanese call 

ki [Online ref. 5; Online ref. 6]. Stimulating these points with pressure, needles, or 

heat triggers the release of endorphins, which are the neuro-chemicals that relieve 

pain. As a result, pain is blocked and the flow of blood and oxygen to the affected 

area is increased. This causes the muscles to relax and promotes healing. Tension 

tends to concentrate around acupressure points. When a muscle is chronically tense or 

in spasm, the muscle fibers contract due to the secretion of lactic acid caused by 

fatigue, trauma, stress, chemical imbalances, or poor circulation. For instance, when 

under a great deal of stress there may be a stage of having difficulty in breathing. 

Certain acupressure points relieve chest tension and enable the subject to breathe 

deeply. When a point is pressed, the muscle tension yields to the finger pressure, 

enabling the fibers to elongate and relax, blood to flow freely, and toxins to be 

released and eliminated. Increased circulation also brings more oxygen and other 

nutrients to affected areas. This increases the body's resistance to illness and promotes 

a longer, healthier, more vital life.  

Acupressure points have high electrical conductivity compared to the skin around 

them [Cao, 2001]. Western scientists have also mapped out and proven the existence 

of this system of body points by using sensitive electrical devices. An acupressure 

point treatment apparatus including an acupressure pointer including a pellet on a 

figure strap, a finger grounder including plate on a finger strap and a galvanic skin 

response (GSR) monitor electrically connected to the acupressure pointer and the 

finger grounder. This invention by Prof. Cao is a novel device for acupressure point 

therapy. More specifically, the apparatus is invented not only for treatment but for 
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locating acupressure points on skin [Cao, 2001]. Technically, acupuncture and 

acupressure points are located with a point locator which includes a low-current 

galvanometer, commonly known as GSR monitor. A pressure point is located in the 

region where the electrical resistance of the skin is relatively lower than that of its 

surrounding. The grounding pole is held in subjects hand to establish ground contact, 

while the search pole (like pen tip) is pressed at different locations to detect the point. 

When the tip of the search probe contacts the skin in that region, the low resistance 

causes a surge of electric current through the GSR monitor. The current surge 

signifies a pressure point. Proper skin preparation and electrode positioning are 

essential elements in acquiring quality SEMG measurements. The acupressure points 

being the lower skin impedance point will defiantly produce the better results for 

SEMG analysis. Moreover, electrode pressure on the pressure points will assist the 

SEMG analysis as the blood and bioelectrical energy circulate properly.  

 

 

Fig. 4.1 Prof. Cram’s result for massage technique comparison [Cram, 1994] 



 4-3

An SEMG analysis was done by a research group [Cram, 1994] where conventional 

massage system is compared with a combination of Swedish massage and acupressure 

techniques. The conventional message used body support system having cushion table 

and acupressure technique used standard massage table. SEMG recordings were taken 

from upper back and neck regions in three different postures just prior to and 

immediately following each massage. Fig. 4.1 is showing one of the conclusions of 

the research that massage with acupressure techniques showed higher values of 

SEMG-RMS values measured post-massage in all the ten muscles sites. At these 

points, SEMG signal needed to be compared to have some relational explanation for 

interpretation of movements/postures. The selections of these conventional 

acupressure points were made after matching and choosing from the locations as 

selected in section 3.4 on the basis of active muscle group. These selected acupressure 

points were shown in Table 4.1. 

4.1 SEMG variations for forced gripping at acupressure points 

The one major objective of the present investigation is to the study of muscle 

activities at different selected pressure points during different function of hand. Many 

research outcomes are available concluding the nature of response of force exerted by 

a muscle vs. SEMG-RMS parameter to be almost linear [Villasenor-Herrera, 2008]. 

Four pressure points were selected for the SEMG study on arm as shown in Table 4.1. 

Here variations between grip force vs. SEMG’s Vrms (Vrms) and SEMG’s Average 

frequency (Av freq) were studied.  

 

4.1.1 Acquisition Details: In both the cases of upper or below prosthetic arm elbow 

movement and precise gripping are essential. Many research outcomes are available 

concluding the nature of response of force vs. SEMG to be almost linear (Villasenor-

Herrera, 2008). Hence, grip force vs. SEMG-Vrms and SEMG-Average frequency 

were studied. Single channel recording was done from all the three subjects at 

selected acupressure points with grip-force measuring exercising instrument used in 

section 3.5.2 and shown in Fig. 4.2. For the SEMG study at the four selected 

acupressure points on arm as shown in Table 4.1. This study will help in getting 

descriptive relationship of the SEMG vs. Vrms parameter with the force exerted by the 

grip on pressure points.  At different gripping force say 3 kg, 6 kg, 9 kg etc (as per the 

indication on the display of the instrument) the SEMG was recorded from the location 
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in the workspace of MATLAB using softscope. The force measuring instrument can 

measure up to 140 kg of grip force. Each person has different force exerting levels. 

Subjects had maximum level of 38 kg with comfortable exertion. For the analysis, 

variation was kept from 0- 38 kgs in steps as shown in Table 4.2-4.3.  

 

Fig. 4.2 Exercising gripper with electrode on the selected location 

Table 4.1 
Selective pressure points on human arm [Online ref.5; Online ref.7] 

Description Figure Location 
syntax  

 
Name: Great Mount 
 
Location: On the middle of the palm-side of the 
wrist  

 
cw 
(Consider 
wrist) 

 
Name: Outer Frontier Gate 
 
Location: On the lower arm, on the top side, two 
thumb widths below the crease of the wrist. In the 
middle, in the depression between the bones and 
tendons. 

 

 
cwb 
(Consider 
wrist 
back) 

 
Name: Crooked Pond  
 
Location: On the side of the elbow, on the outer 
side of the arm. The point is located at the end of 
the crease at the elbow. This is halfway up the side 
of the arm.  

 

 
ce 
(Consider 
elbow) 

 
Name: Heavenly Palace 
 
Location: On the upper arm, one hand width under 
the armpit. The point is located in the depression 
between the muscles from the shoulder and the 
biceps  

 

 
cb 
(Consider 
biceps) 
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4.1.2 Results and discussions 

For analysis purpose, variation is kept from 0- 38 kgs in steps as shown in Table 

A4.1-A4.4 (appendix), and selected parameters; Vrms, variance, standard deviation 

and Av freq were evaluated as explained in section 3. The subsequent plots are shown 

from Fig. 4.3 (a, b, c)-4.4. it was observed from the study of the three parameters i.e. 

Vrms, variance and standard deviation that variation of force exerted by muscle and 

Vrms remains linear from 0 to approximately 85% of the maximum force exerting 

capacity of the person, after that SEMG generated remains constant or start to 

decrease due to fatigue as shown in Fig.4.3 (a, b, c) [Hong-Chun el at.,2005; Caohua 

el at., 2007; Zaman el at., 2007]. Fig. 4.4 confirms that SEMG’s Av freq remains 

between the selected ranges as per the band pass filter.  

This analysis verifies that SEMG activities are there on pressure points if 

selected sensibly which encourage advancing the work for specific movement 

measurement. To map the locations for the proper multifunctional prosthetic, 

selected acupressure points may also be considered. Further, the pressure points 

are needed to be compared with other locations on arm for SEMG analysis 

which is further carried out in chapter 5. Another interpretation about SEMG 

strength with the exerted force is that SEMG strength is found to be more on 

above elbow compared to below elbow. This gives the assurance that above 

elbow prosthesis can also be developed with precise controls of grip. 

Three plots along with the calculation of the chosen parameters: firstly raw SEMG 

secondly filtered and lastly FFT of the filtered SEMG (of single subject) are shown in 

Fig. A4.1-A4.4 (appendix) for 07 selected force levels. They are represented as 

location syntax with force level i.e. for location “cb (consider biceps)” they are “cb3”, 

“cb6”, “cb9”, “cb13”, “cb20”, “cb28” and “cb38”.  



 4-6

 

SEMG-Vrms vs Force Analysis

0

0.01

0.02

0.03

0.04

0.05

0.06

3 6 9 13 20 28 38 3 6 9 13 20 28 38 3 6 9 13 20 28 38

Sub1 Sub2 Sub3 Force[kg]

v
o

lt
s

cb

ce

cw

cwb

 
Fig.4.3a Force vs. Vrms at selected four pressure points 
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Fig.4.3b Force vs. Variance at selected four pressure points 
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Fig.4.3c Force vs. Standard deviation at selected four pressure points 
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Fig.4.4 Force vs. Av freq at selected four pressure points 
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4.2 SEMG activities for hand movement discrimination at selected pressure 

points 

SEMG signals are acquired from a superficial muscle by using differential amplifier. 

Proper location of electrode placement on the skin matters in getting good quality of 

signal for a specific movement. Many research groups are trying to set electrode sites 

on human body as SEMG points. These set of points are also being characterized for a 

specific movement of the respective body part. The SEMG activities must needed to 

be observed from acupressure points. In this section, SEMG activities were observed 

from the different location of arm to map the hand movements. In the consecutive 

chapters, pressure point SEMGs will be studied with other locations.   

 

4.2.1 Acquisition details 

In order to demonstrate the classification performance, the scatter plots of SEMG 

features between two muscles for four movements of wrist were used to confirm the 

variation. The two muscle groups were selected as shown in Table 4.2. Three subjects 

of age group 30-35 years were selected for acquiring SEMG. Parameter used for the 

analysis was Vrms as described in section 3.4. The four hand movements were grip-

closing (cl), grip-opening (op), wrist-down (d) and wrist-up (u). 

 
Table 4.2 

Selected pressure points on human arm 
Description Figure Location 

syntax  

P-7 
 
Name: Great Mount 
 
Location: On the middle of the palm-side of 
the wrist 

 

 
cw 
(consider 
wrist) 

TB-5 
 
Name: Outer Frontier Gate 
 
Location: On the lower arm, on the top side, 
two thumb widths below the crease of the 
wrist. In the middle, in the depression 
between the bones and tendons. 

 

 
cwb 
(consider 
wirst 
back) 
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4.2.2 Results and discussions 

Table 4.3 shows the values of Vrms calculated from the respective SEMG signals 

acquired from the two chosen locations. These two locations are the acupressure 

points. In the section 4.1, this was concluded that the SEMG at acupressure points 

behave linear w.r.t the force excreted by the respective muscle under observation. 

Variance and covariance are often displayed together in a variance-covariance matrix. 

The variances appear along the diagonal and covariance appears in the off-diagonal 

elements, as shown Table A4.5a, b, c (appendix). Covariance is a measure of the 

extent to which corresponding elements from two sets of ordered data move in the 

same direction.  

The objective of this analysis was to advance the finding of SEMG at pressure points 

can be useful for hand function discriminations. Fig. 4.5 shows scatter plot of the 

three subjects. The data points of each movement are grouped pattern recognition. It 

was also classified by using variance-covariance matrix for movement discrimination.  

 
Table 4.3 

SEMG-Vrms variation at acupressure points “cw” and “cwb”  
 Movement  subject1 subject2 subject3 

  cw cwb cw cwb cw cwb 

closing 0.1 0.07 0.08 0.09 0.05 0.22 

closing 0.13 0.14 0.11 0.12 0.1 0.18 

closing 0.1 0.08 0.12 0.14 0.05 0.17 

closing 0.09 0.07 0.13 0.13 0.06 0.19 

closing 0.12 0.08 0.12 0.09 0.11 0.23 

opening 0.11 0.16 0.22 0.22 0.2 0.48 

opening 0.14 0.17 0.24 0.15 0.11 0.42 

opening 0.17 0.18 0.14 0.14 0.17 0.54 

opening 0.16 0.26 0.19 0.23 0.16 0.56 

opening 0.25 0.16 0.2 0.22 0.2 0.52 

down 0.09 0.06 0.07 0.05 0.11 0.13 

down 0.12 0.1 0.11 0.07 0.18 0.14 

down 0.09 0.08 0.05 0.07 0.16 0.2 

down 0.08 0.07 0.07 0.06 0.2 0.2 

down 0.06 0.08 0.08 0.06 0.18 0.15 

up 0.12 0.15 0.1 0.08 0.09 0.35 

up 0.16 0.17 0.09 0.09 0.08 0.33 

up 0.1 0.16 0.09 0.13 0.06 0.25 

up 0.15 0.16 0.09 0.13 0.06 0.43 

up 0.16 0.13 0.06 0.11 0.08 0.52 
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cw and cwb Vrms subject 1
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cw and cwb Vrms subject 2
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cw and cwb Vrms subject 3
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Fig. 4.5 Scatter plots for electrode locations “cw” and “cwb” 
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In this analysis, Vrms was used to indicate the quality of separation using the 

observation from scatter plot. The scatter plot is between Vrms values of “cw (consider 

wrist)” and “cwb (consider wrist back)” locations. It represents a two channel 

acquisition system i.e. electrode pairs are at “cw” and “cwb”. Fig. 4.5 shows that 

opening of grip is the best among the chosen movements. However, distance of 

separation between closing and opening describes that the threshold type of control 

for the prosthetics can be formulated. 

The same observation was studied by using Variance- covariance matrix. This can 

interpret the variance and covariance statistics in matrix to understand how the 

variables (i.e. movements) vary and covary. Diagonal elements are the variance and 

off-diagonal elements are the covariance as shown in Table A4.5 (a, b, c) (appendix) 

(in italics and bold) for all the three subjects respectively.  

The variance describes the best movement under two channel approach considering 

“cw & cwb” whereas covariance describes the inter-variance difference between the 

movements. Subject-wise both the variance and covariance were plotted in Fig. 4.6(a, 

b, c) and Fig. 4.7(a, b, c) respectively.  

Considering Variance from Figs. 4.6(a, b & c) it is observed that out of the four 

chosen operations, the opening of the grip shows the high level of the SEMG 

activity at “cw and cwb”. Similarly Figs. 4.7(a, b & c) (which considers the 

covariance between the grip closing & opening, wrist up & down and grip 

opening & wrist up) show that covariance is more for the grip opening & wrist 

up (op-u) and shows that both the datas are moving in positive direction. Hence, 

op-u movements will be easily distinguishable for two channel approach at “cw 

& cwb”. 

Further, their effectiveness with other anatomically chosen SEMG locations are 

studies in chapter 5 section 5.3 using PCA. 
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Fig. 4.6a Variance for determining best movement at “cw & cwb”; subject 1 

 

Variance plot for "cw & cwb" subject 2
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Fig. 4.6b Variance for determining best movement at “cw & cwb”; subject 2 

 

Variance plot for "cw & cwb" subject 3
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Fig. 4.6c Variance for determining best movement at “cw & cwb”; subject 3 
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Covariance plot for location "cw & cwb" subject 1
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Fig. 4.7a Covariance between movements at “cw & cwb”; subject 1 

 

Covariance plot for location "cw & cwb" subject 2
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Fig. 4.7b Covariance between movements at “cw & cwb”; subject 2 
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Fig. 4.7c Covariance between movements at “cw & cwb”; subject 3 
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4.3 SEMG analysis at acupressure points for grip closing and opening 

 
Acupressure points SEMG signal varies with exerted muscle force and hand 

movement discrimination is also possible if SEMG is analyzed collectively at two or 

more pressure points. In this section a discriminating analysis is done on three 

acupressure points of below elbow arm to identify the four movements. It helps in 

locating acupressure point will be suitable for a specific movement.  

 

4.3.1 Acquisition details 

Parameters used for the analysis were: Vrms, Es, slope, mf, Av freq, pk freq, and pk 

amp (as described in 3.4). Three subjects of age group 30-35 years were selected for 

acquiring SEMG. Single channel recording was used. The two hand movements were 

selected for the analysis grip-closing (cl), grip-opening (op) as these two movements 

are mostly performed in day to day activities. Three acupressure points “cw(consider 

wrist)”, “cwb(consider wrist back)”, and “ce(consider elbow)” were selected for the 

analysis as shown in Table 4.1. 

 

4.3.2 Results and discussions 

SEMG was acquired as per the methodology as mentioned in chapter 3 section 3.3. 

All the chosen parameters were calculated and represented in Table 4.4(a,b,c) subject-

wise. Two movements were analyzed at three acupressure points making six cases for 

the study. “cwcl” means closing movement performed and location was “cw”, 

Similarly, “ceop” means opening movement performed with electrode site of “ce 

(consider elbow)”. Fig. 4.8 (a, b, c) shows the plot of each selected parameters with 

respect to the respective selected acupressure location from the three subjects. In all 

the three subjects the closing was prominent in SEMG from location “ce (consider 

elbow)”, but grip-opening was prominent in the SEMG from location “cwb (consider 

wrist back)”. Again at location “cwb (consider wrist back)” SEMG threshold could 

distinguish grip opening/closing as later one generated low amplitude SEMGs. 

Parameters depending upon the amplitude of the SEMG i.e. Vrms, Es, slope and pk 

amp were behaving all most the same. Frequency dependent parameters showed that 

the frequency of the SEMG remains constant in the selected range at every location 

i.e. near 180 Hz. 
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Table 4.4a 
SEMG parameters of subject 1 

  Grip-closing  Grip- opening 

 cwcl cwbcl cecl   cwop cwbop ceop 

Vrms 0.25 0.24 0.32   0.15 0.32 0.12 

Es  31.19 27.11 50.07   10.44 49.12 6.94 

slope 3478.00 2159.30 3165.40   1418.10 3576.50 1033.70 

mf  182.62 189.45 173.83   181.64 172.85 173.83 

Av freq 166.50 192.87 172.97   183.23 158.20 151.12 

pk freq 189.45 199.22 192.38   178.71 174.80 190.43 

pk amp 55.53 53.03 60.33   33.87 73.77 19.73 

 
Table 4.4b 

SEMG parameters of subject 2 
  Grip-closing   Grip- opening 

 cwcl cwbcl cecl  cwop cwbop ceop 

Vrms 0.19 0.28 0.32   0.14 0.32 0.12 

Es  18.00 37.58 50.07   9.54 49.12 6.94 

slope 1625.50 2715.10 3165.40   1359.80 3576.50 1033.70 

mf  177.73 175.78 173.83   174.80 172.85 173.83 

Av freq 166.99 152.83 161.00   162.84 173.46 161.00 

pk freq 175.78 196.29 192.38   173.83 174.80 190.43 

pk amp 34.89 52.69 60.33   27.00 73.77 19.73 

 
Table 4.4c 

 SEMG parameters of subject 3  
  Grip-closing   Grip- opening 

 cwcl cwbcl cecl  cwop cwbop ceop 

Vrms 0.25 0.23 0.29   0.13 0.31 0.12 
Es  30.46 25.89 42.90   9.12 48.11 6.52 
slope 585.15 412.65 487.68   264.07 558.4 159.5 
mf  175.78 185.55 159.18   172.85 170.9 166.99 
Av freq 166.75 166.14 173.34   158.33 158.2 151.12 
pk freq 190.43 199.22 178.71   173.83 174.8 190.43 
pk amp 54.505 52.76 55.967   26.139 73.529 19.649 
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Fig. 4.8a Parameters at acupressure points for grip closing/opening of subject 1 
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Fig. 4.8b Parameters at acupressure points for grip closing/opening of subject 2 
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Fig. 4.8c Parameters at acupressure points fro grip closing/opening of subject 3 
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After studying the Fig. 4.6-4.8, it was observed that Vrms and Es almost have 

same patterns. However, slight differences were observed in slope values as 

compared to Vrms and Es. The slope values dipped more at lower values so it can 

be concluded that it will be better to use Slope for further investigations. 

However, the final decision to use Slope or Vrms may be taken on the basis of 

computational complexity and available hardware for implementation. These all 

observations indicate the SEMG activities on pressure points. Another 

interesting observation is regarding the closing of grip and level of SEMG at the 

selected locations. SEMG level is found to be increasing from wrist to above 

elbow region. Thus, for above elbow prosthetic arm the artificial gripper can be 

easily realized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter’s Summary:   

Researchers have identifying sites on skin as the best SEMG acquiring locations (as European 

SENIAM research) but acupressure were not considered.  The present studies indicate that the 

acupressure points can also be good SEMG locations to discriminate hand movements. Further it is 

also concluded that slope can be used as parameter for hand function discrimination. 
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Appendix chapter 4 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.5

1

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-0.5

0

0.5

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

50

100

Frequency (Hz)

 

 

raw

fltr

fftfl

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-0.5

0

0.5

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

100

200

Frequency (Hz)

 

 

raw

fltr

fftfl

 

cb3      cb6 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-0.5

0

0.5

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

50

100

Frequency (Hz)

 

 

raw

fltr

fftfl

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-0.5

0

0.5

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

50

100

Frequency (Hz)

 

 

raw

fltr

fftfl

 
cb9     cb13 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

100

200

Frequency (Hz)

 

 

raw

fltr

fftfl

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-2

0

2

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

200

400

Frequency (Hz)

 

 

raw

fltr

fftfl

 
cb20     cb28 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
-1

0

1

time (s)

 

 

0 100 200 300 400 500 600 700 800
0

200

400

Frequency (Hz)

 

 

raw

fltr

fftfl

 
cb38 

Fig. A4.1 Plots for electrode location “cb” for 07 selected force levels 
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Fig. A4.2 Plots for electrode location “ce” for 07 selected force levels 
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Fig. A4.3 Plots for electrode location “cw” for 07 selected force levels 
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Fig. A4.4 Plots for electrode location “cwb” for 07 selected force levels 
Table A4.1 

SEMG-Vrms vs. Grip-force 
  Vrms 
 Force[kg] cb ce cw cwb 

3 0.0069 0.0086 0.0104 0.0037 
6 0.0077 0.0118 0.0087 0.0044 
9 0.0088 0.0114 0.0104 0.0057 
13 0.0172 0.0161 0.0118 0.006 
20 0.019 0.0212 0.0167 0.0079 
28 0.0354 0.0324 0.0191 0.0136 

Sub1 

38 0.0507 0.0463 0.0321 0.0122 
3 0.0057 0.0086 0.0105 0.004 
6 0.008 0.0112 0.0089 0.0044 
9 0.0103 0.0149 0.0109 0.0058 
13 0.0147 0.0158 0.0121 0.0064 
20 0.0223 0.0169 0.0151 0.0071 
28 0.0366 0.0433 0.0212 0.0109 

Sub2 

38 0.0422 0.0533 0.0367 0.0148 
3 0.0056 0.0103 0.0097 0.0041 
6 0.0081 0.0095 0.008 0.0053 
9 0.0108 0.0112 0.0101 0.0057 
13 0.0162 0.0121 0.0133 0.0063 
20 0.0296 0.0222 0.0157 0.0069 
28 0.0479 0.0278 0.0247 0.0096 

Sub3 

38 0.0519 0.0421 0.0326 0.0133 

 
Table A4.2 

SEMG-Av freq vs. Grip-force 
  Av freq  
 Force[kg] cb ce cw cwb 

3 161.1328 158.5286 158.8542 176.5951 
6 177.8971 163.8997 162.5977 181.4779 
9 184.4076 157.7148 164.5508 179.1992 
13 167.4805 157.7148 161.7839 163.8997 
20 172.8516 158.2031 163.5742 166.0156 
28 172.0378 158.0404 163.2487 164.388 

Sub1 

38 175.944 158.8542 161.4583 158.3659 
3 184.5703 157.7148 164.2253 183.431 
6 176.5951 157.5521 156.901 177.5716 
9 175.6185 165.2018 159.668 164.0625 
13 170.4102 156.0872 163.8997 161.1328 
20 168.7826 160.319 165.3646 167.4805 
28 169.4336 164.7135 161.1328 167.3177 

Sub2 

38 171.224 156.901 161.2956 156.0872 
3 167.3177 161.1328 160.1563 179.1992 
6 165.5273 153.3203 157.8776 177.4089 
9 179.6875 154.6224 163.0859 180.013 
13 168.457 152.5065 158.0404 176.9206 
20 173.9909 166.5039 162.5977 167.3177 
28 169.9219 158.5286 163.737 168.457 

Sub3 

38 165.2018 161.1328 167.9688 164.0625 
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Table A4.3 
SEMG-Variance vs. Grip-force 

 Variance 
 Force [kg] cb ce cw cwb 

3 0.000293 0.000231 0.000241 0.000053 

6 0.000282 0.000312 0.000272 0.000057 

9 0.000320 0.000315 0.000285 0.000066 

13 0.000477 0.000504 0.000368 0.000076 

20 0.000557 0.000580 0.000357 0.000092 

28 0.001993 0.001313 0.000574 0.000209 

Sub1 

38 0.002955 0.002098 0.001491 0.000157 

3 0.000220 0.000262 0.000269 0.000053 

6 0.000270 0.000296 0.000276 0.000048 

9 0.000333 0.000353 0.000271 0.000073 

13 0.000409 0.000455 0.000320 0.000083 

20 0.000577 0.000535 0.000377 0.000088 

28 0.001786 0.001916 0.000620 0.000144 

Sub2 

38 0.002349 0.002941 0.001686 0.000265 

3 0.000251 0.000278 0.000272 0.000053 

6 0.000295 0.000123 0.000239 0.000062 

9 0.000325 0.000196 0.000274 0.000070 

13 0.000513 0.000177 0.000328 0.000060 

20 0.001003 0.000664 0.000398 0.000066 

28 0.003396 0.000867 0.000662 0.000107 

Sub3 

38 0.002990 0.001625 0.001549 0.000206 

Table A4.4 
SEMG-Standard deviation vs. Grip-force 

  Standard deviation 
 Force [kg] cb ce cw cwb 

3 0.017129 0.015201 0.015514 0.007285 

6 0.016797 0.017658 0.016497 0.007521 

9 0.017876 0.017741 0.016886 0.008108 

13 0.021834 0.022445 0.019178 0.008730 

20 0.023609 0.024091 0.018894 0.009579 

28 0.044639 0.036230 0.023959 0.014448 

Sub1 

38 0.054363 0.045804 0.038609 0.012516 

3 0.014818 0.016188 0.016402 0.007296 

6 0.016444 0.017213 0.016617 0.006955 

9 0.018262 0.018792 0.016451 0.008539 

13 0.020236 0.021342 0.017897 0.009090 

20 0.024024 0.023131 0.019428 0.009392 

28 0.042255 0.043776 0.024902 0.012009 

Sub2 

38 0.048462 0.054231 0.041056 0.016264 

3 0.015854 0.016662 0.016485 0.007248 

6 0.017170 0.011101 0.015467 0.007879 

9 0.018025 0.013983 0.016568 0.008343 

13 0.022640 0.013291 0.018112 0.007732 

20 0.031677 0.025760 0.019951 0.008148 

28 0.058274 0.029442 0.025733 0.010355 

Sub3 

38 0.054684 0.040308 0.039362 0.014364 
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Table A4.5a 
Variance - covariance matrix subject 1 

 closing opening down up 

closing 0.02032 0.03420 0.01678 0.02884 

opening 0.03420 0.06576 0.02836 0.05214 

down 0.01678 0.02836 0.01438 0.02420 

up 0.02884 0.05214 0.02420 0.04352 

 
Table A4.5b 

Variance - covariance matrix subject 2 
 closing opening down up 

closing 0.02626 0.04332 0.01566 0.02212 

opening 0.04332 0.0787 0.02728 0.03774 

down 0.01566 0.02728 0.01006 0.01326 

up 0.02212 0.03774 0.01326 0.01966 

  
Table A4.5c 

Variance - covariance matrix subject 3 
 closing opening down up 
closing 0.04588 0.11202 0.04472 0.08162 

opening 0.11202 0.2858 0.11124 0.20308 

down 0.04472 0.11124 0.0563 0.07320 

up 0.08162 0.20308 0.07320 0.15546 
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CHAPTER 5 

SEMG ANALYSIS FOR HAND FUNCTION DIFFERENTIATION 

 
This chapter elaborates the experimentation and result obtained. 
Study was done for below elbow SEMG analysis supported by 
principal component analysis for hand function differentiation.  

 
 

Surface electromyogram signal (SEMG) may be affected by various peripheral factors 

such as spacing; type and size of electrodes that have an influence on the signal 

[Knaflitz et al., 1991]. Frequency and amplitude of the signal changes depending 

upon the muscle’s location within the body and the stress it undergoes. The signal is 

random, very small in amplitude and mixed with noise of different frequencies. The 

electrodes aligned along the muscle length close to each other results in an increase of 

higher frequency contents [Stashuk et al., 1999]. The prosthesis requires the signal to 

be picked up from the muscle. It is necessary to learn the muscle control so that 

myoelectric prosthesis can be used effectively. The decomposition of SEMG consists 

of a series of algorithms that are successively and iteratively applied to resolve a 

composite micro SEMG signal into its constituent motor unit action potential. SEMG 

contains the activity of four or more motor units where the individual action potentials 

become indistinguishable to the naked eye. The incidence of superposition among two 

or more motor units’ action potentials becomes numerous and the shapes of the motor 

unit action potentials may approach in similarity [Reaz et al., 2006]. The timing 

information provides a complete description of the inter pulse interval, firing rate and 

synchronization characteristics. The morphology of the shapes of the MU action 

potentials provides information concerning the anatomy and health of the muscle 

fibers [Knaflitz et al., 1991; Gerber et al., 1988]. Measurement of SEMG depends on 

a number of factors like amplitude of the SEMG signal, time and frequency domain 

properties. SEMG signal had been studied for muscle activity by a laboratory set-up 

and filter algorithm for the frequency spectra [Schauer et al., 2004]. Methodological 

problems related to DFT based techniques have been studied for the estimation of 

spectral parameters of the surface myoelectric signal [Merlettit et al., 1989]. Modern 

spectrum analysis has been recently applied to various biomedical signal processing. 

Power spectrum estimates of SEMG were obtained by maximum entropy method and 

compared with the estimates by fast Fourier transform [Ogino et al., 1983]. PC-based 
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methodologies for SEMG signal analysis provide efficient and effective ways of 

understanding the signal and its nature. A statistical study showed performance of 

various SEMG signal analysis along with hardware implementations using SEMG 

focusing on applications related to prosthetic hand - control, grasp recognition and 

human computer interaction [Shahid et al., 2005; Reaz et al., 2006; Hargrove et al., 

2007]. The SEMG signal readings from upper arm muscles involved in elbow joint 

movement and sensed elbow angular position / velocity inputs. A single degree of 

freedom robotic experimental tested has been constructed, which allows for data 

collection, training and validation [Arora, 2007].  

In this chapter firstly the interpretation of SEMG signals from the locations of human 

arm i.e. from shoulder to wrist was done to discriminate hand/wrist movements. 

Secondly, Principal component analysis was used to determine the best location with 

different sets of electrode numbers. 

 

5.1 Interpretations of Wrist/Grip movements from SEMG signals at different 

locations on arm 

Mimicking all the functions of hand in prosthesis is near impossible with present day 

technology whereas the study of different functions of hand along with the 

movements required to perform those functions may lead to a practical solution. The 

functional jobs of human hand can be divided into two major categories, i.e. based on 

day to day work and skilled work as indicated in Table 1.1, section 1.3. It is quite 

evident that 90% of day-to-day functions are grasping and release movement. The 

other works normally requires one out of four movements like wrist flexion, wrist 

extension, pronation or supination [Arora, 2002]. Two major approaches are being 

used by the researchers. The first, based on the works of Lawrence, Lyman et al., 

Jacobsen et al., used multiple electrode sites, at each of which the SEMG 

function/parameter is strongly correlated with a single limb function. In the second 

approach based on study of Graupe et al., used one or up to three electrode sites for 

multifunctional SEMG applications. It aims at recognizing via electrode sites where 

even very weak correlation between the measured signal and (more than one) limb 

functions may exist [Graupe, 1994]. Myoelectric prosthesis is very much appreciated 

for their easiness in controlling the movements and for the absence of wires and 

braces [Ryait, 2009; Joshi, 2009]. Differences in pattern of SEMGs must be detected 

for various limb functions (i.e. arm bending, arm extension, wrist pronation, wrist 
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supination, grasp, etc) taken at one or several stump muscles. Here, SEMG signals 

were measured with four channel sensor in wrist and were recorded as four channel’s 

time series data, on which computer simulations were carried out for the wrist 

motions recognition [Yazama et al., 2004]. Another discrimination system used two 

surface electrodes to acquire the electromyography signal from the flexor digitorum 

superficialis muscle and the extensor pollicis brevis muscle. Here, eight types of hand 

movements, such as three-jaw chuck, lateral hand, hook grasp, power grasp, 

cylindrical grasp, centralized grip, flattened hand and wrist flexion were used as key 

movements in the discrimination system. The discrimination system achieved a 

success rate of 85% for off-line test and of 71% for on-line test [Huang et al., 1999].  

The objective of the present study was to develop such  a system so as to assess 

different muscles activities on arm during four basic movements namely opening 

(op) / closing (cl) / down (d) / up (u) of hand wrist/grip and find out the best 

electrode locations with suitable number of channels. 

 

5.1.1 Acquisition Details 

The single channel setup was used to acquire and store raw SEMG signals to describe 

movements from the SEMG signals extracted from different location on arm. Datasets 

were stored in workspace of MATLAB for the calculation of the selected parameters. 

For comparison analysis, four hand positions/movements/postures were selected as 

shown in Fig. 5.1. To decide the interpretation of the four chosen movements like 

opening (op)/closing (cl)/down (d)/up (u), two acupressure points (on wrist) were also 

selected for the additional analysis with other points on arm. Fig. 5.2 shows the 

selective six points on human arm for the analysis. Five trials were taken for each 

movement at each location from the three subjects. The subjects were male of age 

group of 30-35 years. The left arm was selected of each subject. The signals were 

stored from the six locations in the workspace. The following parameters were 

considered for the analysis as described in Section 3.4. 

1. Slope 

2. Vrms 

3. Av freq 
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5.1.2 Results and Discussions 

To further extend the study of relational interpretations of selected movements on the 

chosen locations on arm, two analytical approaches were applied for observations: 

• Firstly, one movement was selected and its effect on SEMG signal at all the 

six locations were studied,  

• Secondly, at a selected location effect of the chosen movements were studied. 

 

Both the approaches have the same perspective to arrive at a conclusion. Each 

location was assigned a short syntax as indicated in Table 5.1.  

    

Closing Opening Down Up 

Fig. 5.1 Movements for analysis 

 

Table A5.1-A5.4 [appendix] describes the slope values and Vrms values derived from 

the MATLAB program for comparison from six locations on arm for a movement 

from the three subjects. For the discrimination parameter slope was selected for 

further analysis.  Fig. 5.3 shows overall average slope value (Av; white line) of five 

trials of each of the three subjects i.e. Av is the overall average of 15 trials. Each trial 

represents calculated slope value for a movement at different locations. The overall 

average (Av) gives the broader view of variation of SEMG signal for a movement; 

say for opening of hand grip highest level of SEMG signal was at location “camb”. 

On the basis of these observations, Table 5.3 was formulated which narrates 

maximum or minimum level of SEMG signal occurring at a specific movement. 

Hence, from Table 5.3 it can be suggested that which movement can be better 

acquired from which SEMG location using single channel system. Further, to relate 

slope and Vrms, Table 5.2 is shown. The table describes Slope vs Vrms parameters for 

each movement independently at six selected locations on arm using clustering 

approach (MS-Excel). Both slope and Vrms are the parameter whose values depend 
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upon the amplitude of SEMG and are approximately proportional to each other. 

Parameter slope was chosen for the further analysis. 

Table 5.1 
Syntax used for database 

Location Syntax  Location  Movement  

cwcl Wrist palm side  Closing  

cwop Wrist palm side  Opening  

cwd Wrist palm side  Down  

cwu Wrist palm side  Up  

cwbcl Wrist opposite -palm side  Closing  

cwbop Wrist opposite -palm side  Opening  

cwbd Wrist opposite -palm side  Down  

cwbu Wrist opposite -palm side  Up  

camcl Mid arm palm side Closing  

camop Mid arm palm side Opening  

camd Mid arm palm side Down  

camu Mid arm palm side Up  

cambcl Mid arm opposite -palm side Closing  

cambop Mid arm opposite -palm side Opening  

cambd Mid arm opposite -palm side Down  

cambu Mid arm opposite -palm side Up  

cbetcl Below elbow thumb side Closing  

cbetop Below elbow thumb side Opening  

cbetd Below elbow thumb side Down  

cbetu Below elbow thumb side Up  

cbebcl Below elbow little finger side Closing  

cbebop Below elbow little finger side Opening  

cbebd Below elbow little finger side Down  

cbebu Below elbow little finger side Up  
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Description Figure Location 

syntax 

Two thumb widths from the largest crease on the inside 

wrist;  

Acupressure point  

 

cw 

(consider 
wrist palm 
side) 

Two thumb widths above the outside of the wrist; 

Acupressure point  

 

cwb 

(consider 
wrist opp. 
palm side) 

This point is located on the crease of the inside of the 

below elbow on the thumb side. 

 

cbebt 

(consider 
below 
elbow 
thumb 
side) 

This point is located on the crease of the inside of the 

below elbow on the little finger side. 

 

cbeblf 

(consider 
below 
elbow 
little 
finger 
side) 

This point is located on the middle of arm on the centre line 

of the inside of the arm. 

 

cam 

(consider 
mid arm 
palm side) 

This point is located on the middle of arm on the centre line 

of the backside of the arm. 

 

camb 

(consider 
mid arm 
opp. palm 
side) 

Fig. 5.2 Selective points on human arm; two are pressure points [Online ref.7] 



 5-7

 Table 5.2a 
Clustering plots showing SEMG for comparison from six locations on arm, for 

an movement 
Subject 1 Subject 2 Subject 3 
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Fig. 5.3 Parameter Slope comparison for a movement at all six locations 
Fig. 5.4 Parameter Slope comparison at a location for different movements 
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Table 5.3 
 Prominent SEMG locations on arm for different movements 

Description Closing Opening  Down  Up  

Max. dominant location  cam camb cam  camb 

Min. dominant location  cw cam cbet cw, cbeb 

 

Another aspect of the analysis was to show SEMG at a location for different 

movements. This is another way to look into the matter and to understand the 

behavior of SEMG.  Table A5.1-A5.4 [appendix] was rearranged as Table A5.5-

A5.10 [appendix]. Fig. 5.4 shows calculated slope values of all the five trials of the 

three subjects along with their overall average (Av; white line) for comparison at six 

locations on arm individually for a single movement. Av of all the 15 trials gives 

variation of SEMG signal at a particular location for a movement; say at “cwb” 

highest level of SEMG signal (slope) was for opening of grip. Table 5.5 was 

formulated which narrates maximum or minimum slope value of SEMG signal 

occurring for a specific movement. The multilevel discrimination was evolved for 

interpretation of the movement with the location.  Here arbitrarily level are demarked 

as: 0 – 1000 = Low, 1000- 2500 = Medium and 2500 – 6000 = High. In RMS based 

control methodology for the prosthetic devices level/threshold selection is necessary 

for the classification of movements from a location e.g. at location “cam” as in Table 

5.5, closing and down movement gets easily discriminated from opening and up 

movement. But for discriminating closing and down movements at cam there is a 

need to consider other locations values. Again Table 5.2b is reorganized in the same 

manner as Table 5.2 to see the relation of Slope vs Vrms. 

 
Table 5.5 

Prominent SEMG locations on arm for different movements at a location 
Movement SEMG signal (slope) 

 cw cwb cam camb cbet cbeb 

Closing Low Medium High Medium Medium Medium 

Opening High High Low High Medium Medium 

Down Medium Low High Medium Low High 

Up Low Medium Medium High High Low 
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 Table 5.2b 
Clusters showing prominent movement at a location 

Subject 1 Subject 2 Subject 3 
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parameters comparison
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Further, to study the variation in frequencies in SEMG signal occurring at specific 

movement, average of five dominant frequencies (Av freq) was calculated. This very 

frequency analysis was done to just to keep a watch on the each trial of SEMG signal 

captured that trials were from the selected frequency band only and this was due to 

the narrowband filter used in acquisition circuit. During acquition there are many 

chances of acquiring distortion which may be due to environmental factors or 

electrode dislocation. Table A5.11-A5.14 [appendix] shows the calculated Av freq of 

each trial for a chosen movement.  Fig. 5.5 shows the plot of each trial along with Av 
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freq with their overall average (Av; white line) for comparison from six points of arm 

and for a single movement. Av of all the trials gives the broader view of variation of 

SEMG signal’s frequency for a movement at a particular location. The investigation 

did not project any fact for SEMG frequency variation but do confirm the SEMG 

activity. The reason is because of the presence of narrowband filter during acquisition.  

 

5.2 Statistical Approach using principal component analysis 

Principal component analysis (PCA) involves a mathematical procedure that 

transforms a number of possibly correlated variables into a smaller number of 

uncorrelated variables called principal components. The first principal component 

accounts for as much of the variability in the data as possible, and each succeeding 

component accounts for as much of the remaining variability as possible. Depending 

on the field of application, it is also named the discrete Karhunen–Loève transform, 

the Hotelling transform or proper orthogonal decomposition. Large data tables usually 

contain a large amount of information, which is partly hidden because the data are too 

complex to be easily interpreted [Micera et al., 2010]. PCA is a projection method 

that helps in visualizing all the information contained in a data table. PCA helps to 

find out in what respect one sample is different from another, which variables 

contribute most to this difference and whether those variables contribute in the same 

way (i.e. are correlated) or independently from each other. It also enables to detect 

sample patterns like any particular grouping. Finally, it quantifies the amount of 

useful information - as opposed to noise or meaningless variation - contained in the 

data [Staudenmann et al., 2006].  

PCA is an analytical technique where complex data set containing few variables are 

transformed to a smaller set of new variables, which maximize the variance of the 

original data set. The software called StatistiXL was used. StatistiXL runs as an add-

in to Windows™ versions of Microsoft’s sophisticated Excel™ spreadsheet program 

[Online ref. 15]. Data stored in existing Excel™ spreadsheets can instantly be 

subjected to a wide range of statistical tests.  
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In this analysis, principal components (PC) were calculated in terms of percentage of 

variance. Principal Component Analysis is a technique that attempts to reduce 

complex data sets consisting of many different variables to a smaller set of new 

variables that still manage to describe much of the variation in the original data. These 

new variables, called principal components, are chosen to be independent (i.e. the new 

variables are not correlated whereas the original, untransformed variables may have 

been correlated) and to maximize the variance found in the original data set. The more 

significant PCs are selected based on their eigenvalues, and hopefully far fewer PC 

variables (e.g. one or two) are required than there were original variables. Principal 

components are the transformed variables from principal component analysis that 

maximize the data variance in a series of uncorrelated and orthogonal axes. 

Component scores are values calculated for each case and each principal component. 

These are usually plotted for combinations of principal components (e.g. factor scores 

for component two against factor scores for component one to graphically present the 

transformed data. The first principal component consists of a principal component 

coefficient (ai) for each variable (p) such that there is maximal variance in the 

calculated score for each case (n); the factor score for each case is calculated as a1.Y1 

+ a2.Y2 + … + ai.Yi + … ap. Yp where Yi is the centered value for the ith (Yi - mean 

Y for the ith variable). The second principal component consists of the next set of 

principal component coefficients such that there is a maximal remaining variance in 

the calculated score for each case, and there is no correlation of the second principal 

component with the first. Further, sets of principal components (third, fourth, etc.) can 

be calculated until no statistical significance can be attributed to that component (e.g. 

by c2 test) or all principal components are computed.  Principal component analysis 

can use either the covariance matrix or the correlation matrix for the data set. All 

principal components can be extracted or a subset of these based on limits such as the 

number to extract, the percent of variance to explain or the value of an eigenvalue. 

The eigenvalues are the solutions (roots) of the S matrix (or R) matrix; they are the 

values of l for which the determinant of matrix [S -λI] or [R -λI] = 0, where I is the 

identity matrix. Conceptually, an eigenvalue is the variance of multivariate data along 

an axis which maximizes the variance. Screenplots can be produced to help in the 

visual determination of the appropriate number of Principal Components to extract. 

Results are presented in tabular and graphical form. Descriptive statistics and the 

correlation or covariance matrix are displayed, if these options are selected. The 
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eigenvalues are then tabulated along with the percent of variance and cumulative 

percent of total variance evident in the original dataset that each of the extracted 

principal components explains. The component loadings are then listed followed by 

the principal component (PC) score coefficients (eigenvectors). These PC scores are 

usually graphed for combinations of principal components (e.g. scores for component 

two against scores for component one, component 3 against component 1, etc) to 

graphically examine the transformed data. The case-wise PC scores for each extracted 

component are listed. Graphical output includes bivariate scatter-plots of the various 

pair-wise combinations of extracted Principal Components. Contributions of original 

variables to both first and second components (PC1 and PC2 respectively) are shown 

in the subsequent PCA plots. Within each component, variables have specific 

loadings and scores coefficients. Loadings represent the correlations between original 

variable and the principal component and indicate the relative contributions of each 

variable in each component. Scores represent the distribution and structure for a given 

component [Online ref. 15 & 16].  

These components in the present work means: Component 1 (PC1) – highly 

varying and Component 2 (PC2) –not varying. The most challenging part of 

PCA is interpreting the components; (1) higher the component loadings, more 

important that variable is to the component. (2) combinations of positive and 

negative loadings are interpreted as bi-polar (3) specific sign is not of 

importance.  Six locations on arm for detection of a wrist movement enforce the use 

of six sets of bipolar electrodes. This increases circuit complexity. To reduce the 

number of electrode to perform the four movements, the results were analyzed 

statistically for finding the best combination for two, three or four channels SEMG 

systems. 

 

5.2.1 Two channels control strategy: 

Two channel control strategy was analyzed for three different combinations of 

electrode positions i.e.   “cw and cwb”, “cam and camb” and “cbet and cbeb”. This is 

analogous to the two bipolar systems working as simultaneous two channels e.g. one 

bipolar at location “cw” and other at location “cwb”. The same dataset generated from 

the single channel acquition system was tabulated in such a fashion that it appears 

similar to two channel acquition system. Table 5.5, Table 5.6 and Table 5.7 shows the 

slope values (for each subject independently) arranged collectively for each chosen 
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movement; say during opening of grip, SEMG values of location “cw” and “cwb” 

were put under the column heading “cwopen”. Hence “cwopen” will be a group of ten 

values calculated from the five trials of “cw” and “cwb” each. This is to test the 

internal variation for a movement. Hence there are twelve such categories to be 

monitored (4 movements and 3 two channel analogy) which are shown in first row of 

each table. PCA was applied to the data sets of all the three subjects and the PCA 

outcomes are shown in Table A5.15 [appendix]. Further, Table 5.8-5.9 presents the 

descriptive parameters in the reduced form extracted with principal component plots 

of the three subjects as shown in Fig. 5.6. Two components were selected because 

they cover at about 80-85% of the total variations. From Fig.5.6 and Table 5.8 it was 

easily decided that PC1 which was showing above 70% of total variation whereas 

PC2 remained below 10% in all the subjects. Hence, PC1 was selected for 

classification. Table 5.8 shows eigenvalues and percentage variance of components. 

Table 5.9a and 5.9b shows component loadings and component score coefficients 

respectively. From Fig. 5.6 and Table 5.9a, best locations were observed and 

recorded in Table 5.10. Table 5.10 indicates “cbet and cbeb” to be the best. 

Loadings represent the correlations between original variable and the principal 

component which indicates the relative contributions of each variable in each 

component. Therefore, considering Table 5.9a, for four chosen movements in all the 

three subjects, two channels on wrist location i.e. “cw” and “cwb” contributed mostly 

less than 50% to PC1. Two channels on mid arm location i.e. “cam” and “camb” 

contribute mostly above 50% to PC1 and similarly location near below elbow i.e. 

“cbeb” and “cbet” the contributions were mostly near 80% to PC1. Combinations for 

2-channel strategy were compared using Fig. 5.6 in all the three subjects that “cw and 

cwb” contribute very less to PC1 so it will be least beneficial location. “cbet and 

cbeb” shows highest  contribution to PC1 i.e. loading contribution for all the four 

movements were good to discriminate between down and up movements. Similarly 

“cam” and “camb” found to be the better locations for up movement.  

The preference of locations for 2-channel strategy should be first given to “cbet 

(below elbow thumb side) and cbeb (below elbow little finger side)” and then to 

“cam (mid arm palm side) and camb (mid arm opp. palm side)” because of the 

percentage variations in PC1 and Table 5.10. The degree of functionality for the 

selected four movements will be more for 2-channel strategy with locations “cbet 

and cbeb” for a prosthetic or exoskeleton arm devices.  



 5-17

Table 5.5 
Slope value for chosen movements from the combination for two channels 

[Subject 1] 
 

 
Table 5.6 

Slope value for chosen movements from the combination for two channels 
[Subject 2] 

 cwclose cwopen cwdown cwup  camclose camopen camdown camup  cbeclose cbeopen cbedown cbeup 

934.4 2484.6 589.8 1116 2657.1 1549.4 5069 3082.6 2534.1 4286.1 763.8 4439.1 

1265.2 2204.7 1389.7 998.3 3476.2 1329.6 3657.6 2063.8 3930.1 4171.3 922.8 3673.1 
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1499.1 2248.8 639.4 931.2 4467 1143.3 4522.4 1965.7 3693.5 4571.9 884.1 4166.7 
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1339.6 1488.8 678.1 1709.6 3513 3300 1943.1 3883.2 2288.8 1332.9 4120.2 1292.9 
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Table 5.7 

Slope value for chosen movements from the combination for two channels 
[Subject 3] 

 cwclose cwopen cwdown cwup  camclose camopen camdown camup  cbeclose cbeopen cbedown cbeup 

622.2 2881.7 1068.7 743.6 2255.7 3241 3196.2 1995.6 1218.9 710.5 578.3 2421.9 

1007.4 1348.9 2072.1 660.4 1760.1 2522.6 4015.5 2587.2 1317.5 1203.9 706.2 3041.6 

527.2 2182.5 1443.8 727.1 2700.9 2440.8 4671.5 2023.5 682.35 768.9 758.5 2379.1 
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 cwclose cwopen cwdown cwup  camclose camopen camdown camup  cbeclose cbeopen cbedown cbeup 

1348.8 1099.7 834.6 1241.4 2467.6 1121.1 4018.3 2926.9 2825.1 2145.1 822.5 3631.1 
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Table 5.8 
Eigenvalues and variance of components for two channels 

 Component Eigenvalue % of Variance Cumulative % 

PC 1 8088480.29 76.31 76.31 Subject 1 

PC 2 932532.63 8.80 85.11 

PC 1 13253346.22 82.92 82.92 Subject 2 

PC2 1199761.04 7.51 90.42 

PC 1 10568425.45 83.58 83.58 Subject 3 

PC 2 615462.53 4.87 88.45 

 

Table 5.9a 
PCA Component Loadings for two channels 

  Subject 1 Subject 2 Subject 3 

 Variable PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

cwclose -0.47 -0.23 -0.15 -0.47 0.89 0.00 

cwopen 0.07 0.67 -0.01 -0.03 0.98 0.05 

cwdown -0.29 -0.03 -0.41 -0.47 0.25 -0.12 

Combination 1 

cwup 0.26 0.21 0.36 0.00 0.95 -0.12 

camclose -0.62 0.69 0.00 -0.92 -0.72 0.50 

camopen 0.95 0.09 0.97 0.04 0.42 -0.29 

camdown -0.35 -0.17 -0.95 0.03 -0.94 -0.02 

Combination 2 

camup 0.92 -0.25 0.65 0.59 0.89 -0.24 

cbeclose 0.50 0.25 -0.86 -0.31 0.85 -0.46 

cbeopen -0.14 -0.82 -0.98 -0.05 0.81 -0.23 

cbedown 0.99 0.01 0.96 -0.12 0.92 0.35 

Combination 3 

cbeup -0.97 -0.18 -0.97 0.18 -0.92 -0.27 

 
Table 5.9b 

PCA Component Score Coefficients (Eigenvectors) for two channels 
  Subject 1 Subject 2 Subject3 

 Variable PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

cwclose -0.06 -0.08 -0.01 -0.10 0.20 0.00 

cwopen 0.02 0.50 0.00 -0.01 0.45 0.09 

cwdown -0.02 -0.01 -0.03 -0.11 0.03 -0.06 

Combination 1 

cwup 0.02 0.06 0.03 0.00 0.45 -0.23 

camclose -0.21 0.69 0.00 -0.73 -0.18 0.52 

camopen 0.55 0.15 0.48 0.07 0.04 -0.11 

camdown -0.07 -0.09 -0.37 0.04 -0.44 -0.03 

Combination 2 

camup 0.31 -0.25 0.17 0.52 0.25 -0.28 

cbeclose 0.10 0.15 -0.20 -0.24 0.14 -0.31 

cbeopen -0.02 -0.31 -0.44 -0.08 0.19 -0.22 

cbedown 0.62 0.02 0.42 -0.18 0.36 0.56 

Combination 3 

cbeup -0.39 -0.22 -0.44 0.27 -0.29 -0.35 
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Fig. 5.6 PCA plot for two channel approach (a) subject 1 (b) subject 2 (c) subject 3 

 
Table 5.10 

Best selected combinations for a movement for 2-channel approach 
(Based on the loading/score values of PC1) 

  closing  opening down up 

Subject 1 cam & camb cam & camb cbet & cbeb cbet & cbeb 

Subject 2 cbet & cbeb cam & camb, 
cbet & cbeb 

cbet & cbeb,  
cam & camb 

cbet & cbeb 

Subject 3 cbet & cbeb cw & cwb,  
cbet & cbeb 

cbet & cbeb,  
cam & camb 

cbet & cbeb, 
cw & cwb 
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5.2.2 Three channel control strategy 

In this study, two combinations were made as “cam, camb and cbet” (combination 1) 

and “cam, camb and cbeb” (combination 2). In 2-channel analysis “cw and cwb” 

showed lesser variations and hence neglected in 3-channel combinations. This is 

analogous to the three bipolar electrodes working as simultaneous three channels i.e. 

one bipolar at location “cam”, other at “camb” and another at “cbet”. Subject wise 

Tables 5.11- 5.13 shows the slope values arranged collectively for each chosen 

movement; say during opening of grip SEMG values of location “cw” and “cwb” put 

under the column heading “cwopen”. PCA was applied to the data sets of all the three 

subjects and the results are shown in Table A5.16 [appendix] subject-wise. Further, 

Table 5.14-5.15 presents the descriptive parameters in the reduced form extracted 

from the Tables A5.16 [appendix] with principal component plots of the three 

subjects. PC1 was showing around 60% of total variance in all the three subjects. 

Again, Table 5.16 shows best combination for 3-channel strategy for a movement was 

obtained by using Fig. 5.7 and component loading to PC1.  

Considering contributions of variable to PC1 only, preference of locations for 3-

channel strategy was firstly by combination 1 and secondly by combination 2. 

For example, as per Table 5.15 (subject 1), “cambetdown” contribute 0.53, -0.72 

and 0.97 respectively to PC1 which is more discriminating than “cambebdown” -

0.45, -0.88 and 0.83. The three channels showed difference in contribution to PC1 

for good discrimination in Table 5.16. Another advantage of three channels over 

the two channels is increase in the degree of description i.e. all the four chosen 

movements were well detected.  

  

5.2.3 Four channel control strategy 

Similar Combinations of dataset were made of readings from all the four locations i.e. 

cam, camb, cbet and cbeb. This is analogous to the four bipolar electrodes working as 

simultaneous four channels i.e. a bipolar at each location “cam”, “camb” “cbet” and 

“cbeb”. Again, the similar type of PCA was applied and the outcomes are shown in 

Table A5.17 [appendix]. Table 5.18-5.20 presents the descriptive parameters in the 

reduced form extracted from the Tables A5.17 [appendix] with principal component 

plots of the three subjects as shown in Fig. 5.8. All the four movements are easily 

distinguished in terms of loading/scores as shown in Fig. 5.8 for all the three 

subjects.  
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Table 5.11 
Slope values for three channel combination [Subject 1] 

 Combination 1“cam, camb and cbet”  Combination 1“cam, camb and cbeb” 

 cambetclose cambetopen cambetdown cambetup  cambebclose cambebopen cambebdown cambebup 

2467.6 1121.1 4018.3 2926.9 2467.6 1121.1 4018.3 2926.9 

4327.5 1300.2 3174.5 2292.6 4327.5 1300.2 3174.5 2292.6 

4382.8 2317.7 4632.3 1619.1 4382.8 2317.7 4632.3 1619.1 

4321.5 1065 4698.1 2007.7 4321.5 1065 4698.1 2007.7 
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2420.9 1414.1 757.6 3948.6 3205.1 1218.8 3825.2 2053.3 

3620.8 1181.3 555.4 3583.4 2957.1 998.3 4000.2 1244.1 
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Table 5.12 

Slope values for three channel combination [Subject 2] 
 Combination 1“cam, camb and cbet”  Combination 1“cam, camb and cbeb” 

 cambetclose cambetopen cambetdown cambetup  cambebclose cambebopen cambebdown cambebup 

2657.1 1549.4 5069 3082.6 2657.1 1549.4 5069 3082.6 

3476.2 1329.6 3657.6 2063.8 3476.2 1329.6 3657.6 2063.8 
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2957.1 3631.9 871.5 4709.6 2288.8 1332.9 4120.2 1292.9 

3693.5 4571.9 884.1 4166.7 1693.1 1580.3 3881.2 1377.8 

F
ro

m
 “

cb
et

” 

2932.4 4899.4 1379.9 3567.1 F
ro

m
 “

cb
eb

” 

1845.9 1097.1 4438 858.9047 

 
Table 5.13 

Slope values for three channel combination [Subject 3] 
 Combination 1“cam, camb and cbet”  Combination 1“cam, camb and cbeb” 

 cambetclose cambetopen cambetdown cambetup  cambebclose cambebopen cambebdown cambebup 

2255.7 3241 3196.2 1995.6 2255.7 3241 3196.2 1995.6 

1760.1 2522.6 4015.5 2587.2 1760.1 2522.6 4015.5 2587.2 

2700.9 2440.8 4671.5 2023.5 2700.9 2440.8 4671.5 2023.5 

3537.1 3194.1 3710.7 2480.7 3537.1 3194.1 3710.7 2480.7 

F
ro

m
”

ca
m

” 

2959.3 2872.8 5156.3 2580.8 F
ro

m
”

ca
m

” 

2959.3 2872.8 5156.3 2580.8 

2412.6 2785.6 1922.9 3153.9 2412.6 2785.6 1922.9 3153.9 

1665.8 3041.9 1137.3 3736.5 1665.8 3041.9 1137.3 3736.5 

1868.4 3049.6 1307.7 3771.1 1868.4 3049.6 1307.7 3771.1 

F
ro

m
”

ca
m

b

”
 1637.1 3019.4 1681.6 4611.5 F
ro

m
”

ca
m

b

”
 1637.1 3019.4 1681.6 4611.5 
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674.3 3349.5 1220.1 3985 674.3 3349.5 1220.1 3985 

1218.9 710.5 578.31 2421.9 1510.3 1560.4 3862.4 805.0 

1317.5 1203.9 706.2 3041.6 1695.9 1560.4 2859 1295.3 

682.35 768.9 758.5 2379.1 1331.7 2872.9 2954.6 878.9 

945.1 1382.5 701.4 3564.2 2169.5 2508.9 2667.1 1099.2 
F

ro
m

 “
cb

et
” 

964.6 1200.2 623.4 3118.8 F
ro

m
 “

cb
eb

” 

2340.9 2505.2 2427.1 1369 

 

Table 5.14 
Eigenvalues and variance of components for three channel combination 

 Component Eigenvalue % of Variance Cumulative % 

PC 1 6696375.17 62.75 62.75 Subject 1 

PC 2 2519207.56 23.61 86.35 

PC 1 6962179.44 51.29 51.29 Subject 2 

PC 2 4315737.47 31.79 83.08 

PC 1 4661032.47 53.38 53.38 Subject 3 

PC 2 3198397.97 36.63 90.01 

 
Table 5.15a 

PCA component loadings for three channel combination 
  Subject 1 Subject 2 Subject 3 

 Variable PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

cambetclose -0.34 0.71 -0.07 0.19 0.84 0.30 

cambetopen 0.97 -0.10 0.87 -0.43 0.34 0.91 

cambetdown 0.53 0.81 -0.72 0.64 0.97 0.21 

Combination 1 

cambetup 0.48 -0.83 0.60 -0.34 -0.66 0.60 

cambebclose -0.49 0.48 -0.06 0.77 0.74 -0.04 

cambebopen 0.98 -0.06 0.86 0.47 0.11 0.74 

cambebdown -0.45 0.15 -0.88 -0.35 0.83 -0.52 

Combination 2 

cambebup 0.93 0.03 0.38 0.84 -0.07 0.98 

 

Table 5.15b 
PCA component score coefficients for three channel combination 

  Subject 1 Subject 2 Subject 3 

 Variable PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

cambetclose -0.11 0.38 -0.02 0.07 0.33 0.15 

cambetopen 0.58 -0.09 0.53 -0.34 0.15 0.49 

cambetdown 0.31 0.76 -0.41 0.46 0.72 0.19 

Combination 1 

cambetup 0.15 -0.44 0.20 -0.14 -0.24 0.26 

cambebclose -0.16 0.26 -0.02 0.38 0.24 -0.01 

cambebopen 0.58 -0.06 0.54 0.38 0.03 0.23 

cambebdown -0.09 0.05 -0.42 -0.22 0.48 -0.37 

Combination 2 

cambebup 0.40 0.02 0.20 0.56 -0.04 0.67 
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Principal Component Plot
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Fig. 5.7 PCA plot for three channel combination (a) subject 1 (b) subject 2 (c) subject 3 

 

Table 5.16 
Best selected combinations for a movement for 3-channel approach 

(Based on the loading/score values of PC1) 

  closing opening down up 

Subject 1 Combination II 
Combination I & 
II are equally good Combination I Combination II 

Subject 2 
Combination I & 
II are equally good 

Combination I & 
II are equally good Combination II Combination I 

Subject 3 Combination I Combination I Combination I Combination I 

 



 5-24

Table 5.17  
Slope values from all the selected locations for a movement for four channel approach 

 

 
 

 Subject 1 Subject 2 Subject 3 

 close open down up close open down up close open down up 

2467.6 1121.1 4018.3 2926.9 2657.1 1549.4 5069 3082.6 2255.7 3241 3196.2 1995.6 

4327.5 1300.2 3174.5 2292.6 3476.2 1329.6 3657.6 2063.8 1760.1 2522.6 4015.5 2587.2 

4382.8 2317.7 4632.3 1619.1 1977.7 1301 3350 4581.1 2700.9 2440.8 4671.5 2023.5 

4321.5 1065 4698.1 2007.7 4467 1143.3 4522.4 1965.7 3537.1 3194.1 3710.7 2480.7 

F
ro

m
 “

ca
m

” 

4870 1197.5 3259.7 1935.1 3784.8 1257.3 4374.9 2741.6 2959.3 2872.8 5156.3 2580.8 

3259.4 4157.6 3501.4 3970.5 2452.8 5659.6 1440.1 3302.6 2412.6 2785.6 1922.9 3153.9 

2393.7 4517.8 3677.3 3451.4 4651.5 3988.6 1411.5 3925.4 1665.8 3041.9 1137.3 3736.5 

4024.6 5033.6 3677.3 3506.2 3513 3300 1943.1 3883.2 1868.4 3049.6 1307.7 3771.1 

2182.7 3982.8 3340.6 3728.7 3725.8 4945.4 1424.7 4292.8 1637.1 3019.4 1681.6 4611.5 

F
ro

m
 “

ca
m

b
” 

3047.1 4373.5 3563.3 4398.8 2814.8 4805 2193.1 4568.1 674.3 3349.5 1220.1 3985 

2825.1 2145.1 822.5 3631.1 2534.1 4286.1 763.8 4439.1 1218.9 710.5 578.31 2421.9 

2420.9 1414.1 757.6 3948.6 3930.1 4171.3 922.8 3673.1 1317.5 1203.9 706.2 3041.6 

3620.8 1181.3 555.4 3583.4 2957.1 3631.9 871.5 4709.6 682.35 768.9 758.5 2379.1 

3363.1 1062.9 1590.1 3167.2 3693.5 4571.9 884.1 4166.7 945.1 1382.5 701.4 3564.2 

F
ro

m
 “

cb
et

” 

3489.3 1013.7 552.4 3064.5 2932.4 4899.4 1379.9 3567.1 964.6 1200.2 623.4 3118.8 

4375 1719.7 3731 1415.5 1334.8 1147 3179.7 628.6 1510.3 1560.4 3862.4 805.1 

3205.1 1218.8 3825.2 2053.3 2190 1170.2 3898.5 1307.2 1695.9 1560.4 2859 1295.3 

2957.1 998.3 4000.2 1244.1 2288.8 1332.9 4120.2 1292.9 1331.7 2872.9 2954.6 878.9 

3709.7 1208.1 4668.2 1260.7 1693.1 1580.3 3881.2 1377.8 2169.5 2508.9 2667.1 1099.2 

F
ro

m
 “

cb
eb

” 

4126 1169.6 4457.3 999.28 1845.9 1097.1 4438 858.9 2340.9 2505.2 2427.1 1369 
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Table 5.18 
Eigenvalues and variance of components for four channel approach 

 Component Eigenvalue % of 
Variance 

Cumulative % 

PC 1 2878767.93 49.35 49.35 Subject 1 

PC 2 2378847.01 40.78 90.12 

PC 1 6120611.50 78.30 78.30 Subject 2 

PC 2 874394.29 11.19 89.48 

PC 1 2965294.91 63.61 63.61 Subject 3 

PC 2 1201516.73 25.77 89.38 

Table 5.19 
PCA component loadings for four channel approach 

 Subject 1 Subject 2 Subject 3 

Variable PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

Close -0.61 0.00 0.42 0.75 0.76 0.35 

Open 0.63 0.76 0.96 -0.16 0.44 0.78 

Down -0.61 0.77 -0.94 0.19 0.98 0.06 

Up 0.97 0.01 0.86 0.35 -0.62 0.74 

Table 5.20 
PCA component score coefficients (eigenvectors) for four channel approach 

 Subject 1 Subject 2 Subject 3 

Variable PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 

Close -0.28 0.00 0.16 0.75 -0.03 0.91 

Open 0.53 0.70 0.65 -0.30 0.71 -0.23 

Down -0.52 0.72 -0.57 0.30 -0.44 -0.34 

Up 0.61 0.00 0.48 0.51 -0.54 -0.07 
 

Control methodology on the basis of level/threshold has been proposed in Table 5.21 

by taking into account the Fig.5.3 and Fig. 5.4. Slope value from each location has 

been classified as binary digit as mentioned below:    

• High SEMG: Slope value >2000: Binary Digit “1” 
• Low SEMG: Slope value <2000: Binary Digit “0” 

 
Table 5.21 

Excitation table for 2-channel and 3-channel methodology respectively 
Two channel approach 

cbet cbeb Movement  
1 1 close 
1 0 open 
0 1 down 
1 0 up  

Three channel approach 
cam camb cbet Movement  
1 1 1 close 
0 1 1 open 
1 0 0 down 
1 1 0 up  

 
The best combination will be of 3-channel combination in-terms of 
discrimination of four movements and complexity of acquisition.  So the three 
channels behave as binary switches for a prosthetic device to perform the 
movements as per Table 5.21. 
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Fig. 5.8 PCA plot for four channel combination  

(a) subject 1 (b) subject 2 (c) subject 3 
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All the movements can be well detected by using 2-channel or 3-channel control 

strategy. For SEMG applications, 4-channel control strategies are found to be 

advantageous for the selected movement discriminations but complexities in 

wrapping electrodes makes its priority lower than the other channels. Further 

percentage variance of PC1 reduces to 40-50% which make the discriminating 

explanation difficult using PC1 only. Electromyographic signals present an interesting 

solution to control artificial arm because (i) they are easy to record (non-invasive 

method) (ii) close to natural movements and (iii) offer more numbers of functions. 

This technique can also be extended to control different SEMG signal controlled 

robotic systems for remote and harsh area movements. This work presented a control 

strategy using single parameter (Slope) and multi-channel (preferably three) for 

prosthetic hand.  

 

After the principal component analysis of data from different locations, it is 

found that in two channel locations namely “cbet and cbeb” and in three channel 

locations namely “cam”, “camb” and “cbet” will be best suited to discriminate 

the four chosen movements. Presently, 3-channel strategy takes the advantage 

among the other strategies studied for the selected movements. However the 

pressure points showed low performance w.r.t. the other locations. Best location 

can be related to the maximum loading percentage to PC1 and appropriate 

numbers of channel of the acquisition system to monitor movements depends 

again upon the loading percentage to PC1 but shall vary i.e. different movement 

shall have  different contribution percentage for better discrimination. 

The knowledge of SEMG signal at different locations and interpretations of 

parameters for a movement as done in this work will act as a helping tool for the 

researchers in understanding the behaviour of SEMG signal and arm/hand 

movement.  

 

5.3 Interpretation of SEMG at acupressure points on wrist for hand movements 

Graupe, 1994 used electrode sites for multifunctional approach where even very weak 

correlation between the measured signal and (more than one) limb functions may exist 

[Graupe, 1994]. This section is the study of section 4.2, chapter 4 with the help of 

PCA. The SEMG signal’s comparison between acupressure points and other SEMG 

locations below elbow arm have not given verdict in favour of acupressure points, but 
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they are needed to be examined independently.  Again the two channel methodology 

was selected where “cw” and “cwb” collectively represents two channel systems. This 

was done to study the SEMG activities at these locations for discriminating chosen 

four movements. 

 

5.3.1 Results and discussions 

Table A5.18 shows the slope values rearranged for the four chosen movement 

respectively; say column “cwclose” means slope values during closing movement 

both from “cw’ and “cwb”. PCA was used to calculate which movement shows 

maximum variation. This investigation based on the internal variation was well 

demonstrated by PCA plot in Fig. 5.9. Five trials from the three subjects were put 

under one case. Considering PC1 which contribute 81% on screen plot, the 

interpretation of the four movements can be made very easily.  

Observations made were, all the four movements were easily distinguished i.e. 

movement “open” was very easy to distinguish and prominent at this location. 

The observation made in this section is of similar fashion as depicted in section 

4.2, chapter 4. Hence, writ muscle generates good SEMG for opening of hand-

grip. 
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Fig. 5.9 PCA plot for two channel at “cw & cwb” 
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Table 5.22 
Rearranged slope values from “cw” 

and “cwb” 
Principal Component Results 

cwclose cwopen cwdown cwup 

1348.8 1099.7 834.6 1241.4 

1300.5 1931.2 1233. 1758.8 

970.31 1793.5 944.5 1178.4 

1201.8 1745 932.3 1656 

1502.7 3296.1 721.1 1482.8 

934.4 2484.6 589.8 1116 

1265.2 2204.7 1389.7 998.3 

1140 1619 525.2 824.0 

1499.1 2248.8 639.4 931.2 

1116.8 1890.9 973.8 677.8 

622.2 2881.7 1068.7 743.6 

1007.4 1348.9 2072.1 660.4 

527.2 2182.5 1443.8 727.1 

543.0 1848.6 1946.9 675.3 

1198.4 2402.9 1631.8 904.1 

779.9 1691.6 633.7 1548.4 

1768.8 1627.2 970.6 1696.3 

880.9 1807 1060 1675.5 

724.5 3352.3 810.5 1959.5 

820.0 1835.8 758.5 1192.1 

1036.1 2163.9 531.7 738.5 

1065.6 1698.9 644.4 837.8 

1339.6 1488.8 678.1 1709.6 

1519.9 2767.5 656.1 1124.9 

790.3 2221.6 582.2 1409.2 

2338 4619.7 1563.4 3579.9 

1729.1 4605.1 1786.4 2817.2 

1824.6 4721.8 2292.6 2281 

1503.3 5010.1 2283.6 3783.2 

2532 5296 1467.2 4629.5  

Descriptive Statistics       

Variable Mean Std Dev. Std Err N 

cwclose 1227.695 481.432 87.897 30 

cwopen 2529.513 1177.853 215.046 30 

cwdown 1122.232 541.051 98.782 30 

cwup 1551.940 986.328 180.078 30 

Covariance Matrix       

  cwclose cwopen cwdown cwup 

cwclose 231776.678 355164.043 70057.114 351363.558 

cwopen 355164.043 1387337.533 329955.908 942671.128 

cwdown 70057.114 329955.908 292736.216 215778.807 

cwup 351363.558 942671.128 215778.807 972841.990 

Explained Variance (Eigenvalues)     

Value PC 1 PC 2 PC 3 PC 4 

Eigenvalue 2343804.734 272794.676 178202.950 89890.056 

% of Var. 81.250 9.457 6.178 3.116 

Cum. % 81.250 90.706 96.884 100.000 

Component Loadings       

Variable PC 1 PC 2 PC 3 PC 4 

cwclose 0.734 0.361 0.115 0.564 

cwopen 0.965 -0.182 -0.189 0.010 

cwdown 0.539 -0.599 0.591 0.039 

cwup 0.931 0.306 0.155 -0.127 

Component Score Coefficients (Eigenvectors)   

Variable PC 1 PC 2 PC 3 PC 4 

cwclose 0.231 0.333 0.131 0.905 

cwopen 0.742 -0.411 -0.528 0.038 

cwdown 0.190 -0.621 0.757 0.070 

cwup 0.600 0.578 0.362 -0.418 
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Table 5.23 
PCA results for wrist locations 

 

 
 

 

 

 

 

 

 

Chapter’s Summary:   

Analysis proved linear relationship between muscle force and SEMG amplitude and it is also found 

that description of hand/wrist movements using parameter “slope” is possible. It has also been 

concluded that for 2-channel control strategy locations “cbet and cbeb” and for three channel control 

strategy locations ““cam, camb and cbet” are the best suited for four functions prosthetic devices.  

Descriptive Statistics       

Variable Mean Std Dev. Std Err N 

cw 1607.845 1006.884 91.916 120 

cam 3068.758 1162.373 106.110 120 

cbe 2239.686 1281.267 116.963 120 

Covariance Matrix     

  cw cam cbe 

cw 1013815.478 10891.165 -258616.386 

cam 10891.165 1351111.007 -552111.093 

cbe -258616.386 -552111.093 1641646.345 

Explained Variance (Eigenvalues)   

Value PC 1 PC 2 PC 3 

Eigenvalue 2108833.644 1097352.882 800386.304 

% of Var. 52.634 27.389 19.977 

Cum. % 52.634 80.023 100.000 

Component Loadings     

Variable PC 1 PC 2 PC 3 

cw -0.278 -0.775 0.567 

cam -0.724 0.551 0.414 

cbe 0.897 0.218 0.384 

Component Score Coefficients (Eigenvectors)  

Variable PC 1 PC 2 PC 3 

cw -0.193 -0.745 0.639 

cam -0.580 0.612 0.538 

cbe 0.792 0.266 0.550 
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Appendix chapter 5 

Table A5.1a 
Slope value for closing movement from the six locations 

 
 cwcl cwbcl camcl cambcl cbetcl cbebcl 

trial 1 1348.8 779.9 2467.6 3259.4 2825.1 4375 

trial 2 1300.5 1768.8 4327.5 2393.7 2420.9 3205.1 

trial 3 970.31 880.9 4382.8 4024.6 3620.8 2957.1 

trial 4 1201.8 724.5 4321.5 2182.7 3363.1 3709.7 

trial 5 1502.7 820.0 4870 3047.1 3489.3 4126 

Subject 1 

Av1 1264.8 994.8 4073.8 2981.5 3143.8 3674.5 

trial 1 934.4 1036.1 2657.1 2452.8 2534.1 1334.8 

trial 2 1265.2 1065.6 3476.2 4651.5 3930.1 2190 

trial 3 1140 1339.6 1977.7 3513 2957.1 2288.8 

trial 4 1499.1 1519.9 4467 3725.8 3693.5 1693.1 

trial 5 1116.8 790.3 3784.8 2814.8 2932.4 1845.9 

Subject 2 

Av2 1191.1 1150.3 3272.5 3431.5 3209.4 1870.5 

trial 1 622.2 2338 2255.7 2412.6 1218.9 1510.3 

trial 2 1007.4 1729.1 1760.1 1665.8 1317.5 1695.9 

trial 3 527.2 1824.6 2700.9 1868.4 682.35 1331.7 

trial 4 543.0 1503.3 3537.1 1637.1 945.0 2169.5 

trial 5 1198.4 2532 2959.3 674.3 964.6 2340.9 

Subject 3 

Av3 779.6 1985.4 2642.62 1651.6 1025.6 1809.6 
 

Av 1078.5 1376.8 3329.6 2688.2 2459.6 2451.5 
 

Table A5.1b 
Vrms value for closing movement from the six locations 

 
 cwcl cwbcl camcl cambcl cbetcl cbebcl 

trial 1 0.10 0.07 0.22 0.27 0.23 0.37 

trial 2 0.13 0.14 0.42 0.20 0.28 0.31 

trial 3 0.10 0.08 0.41 0.43 0.40 0.32 

trial 4 0.09 0.07 0.47 0.23 0.32 0.39 

trial 5 0.12 0.08 0.48 0.28 0.39 0.46 

Subject 1 

Av1 0.11 0.09 0.40 0.28 0.32 0.37 

trial 1 0.08 0.09 0.25 0.26 0.25 0.15 

trial 2 0.11 0.12 0.37 0.48 0.34 0.17 

trial 3 0.12 0.14 0.19 0.33 0.29 0.22 

trial 4 0.13 0.13 0.29 0.39 0.37 0.15 

trial 5 0.12 0.09 0.30 0.28 0.30 0.20 

Subject 2 

Av2 0.11 0.11 0.28 0.35 0.31 0.18 

trial 1 0.05 0.22 0.22 0.27 0.13 0.18 

trial 2 0.10 0.18 0.17 0.13 0.13 0.17 

trial 3 0.05 0.17 0.27 0.18 0.06 0.13 

trial 4 0.06 0.19 0.28 0.19 0.10 0.20 

trial 5 0.11 0.23 0.25 0.08 0.10 0.24 

Subject 3 

Av3 0.07 0.20 0.24 0.17 0.11 0.18 
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Table A5.2a 
Slope value for opening movement from the six locations 

  cwop cwbop camop cambop cbetop cbebop 

trial 1 1099.7 1691.6 1121.1 4157.6 2145.1 1719.7 

trial 2 1931.2 1627.2 1300.2 4517.8 1414.1 1218.8 

trial 3 1793.5 1807 2317.7 5033.6 1181.3 998.3 

trial 4 1745 3352.3 1065 3982.8 1062.9 1208.1 

trial 5 3296.1 1835.8 1197.5 4373.5 1013.7 1169.6 

Subject 1 

Av1 1973.1 2062.7 1400.3 4413.1 1363.4 1262.9 

trial 1 2484.6 2163.9 1549.4 5659.6 4286.1 1147 

trial 2 2204.7 1698.9 1329.6 3988.6 4171.3 1170.2 

trial 3 1619 1488.8 1301 3300 3631.9 1332.9 

trial 4 2248.8 2767.5 1143.3 4945.4 4571.9 1580.3 

trial 5 1890.9 2221.6 1257.3 4805 4899.4 1097.1 

Subject 2 

Av2 2089.6 2068.1 1316.1 4539.7 4312.1 1265.5 

trial 1 2881.7 4619.7 3241 2785.6 710.5 1560.4 

trial 2 1348.9 4605.1 2522.6 3041.9 1203.9 1560.4 

trial 3 2182.5 4721.8 2440.8 3049.6 768.9 2872.9 

trial 4 1848.6 5010.1 3194.1 3019.4 1382.5 2508.9 

trial 5 2402.9 5296 2872.8 3349.5 1200.2 2505.2 

Subject 3 

Av3 2132.9 4850.5 2854.2 3049.2 1053.2 2201.5 

 Av 2065.2 2993.8 1856.8 4000.6 2242.9 1576.6 

 
 

Table A5.2b 
Vrms value for opening movement from the six locations 

  cwop cwbop camop cambop cbetop cbebop 

trial 1 0.11 0.16 0.12 0.47 0.19 0.12 
trial 2 0.14 0.17 0.13 0.54 0.12 0.13 
trial 3 0.17 0.18 0.22 0.52 0.11 0.10 
trial 4 0.16 0.26 0.11 0.48 0.11 0.13 
trial 5 0.25 0.16 0.11 0.54 0.09 0.11 

Subject 1 

Av1 0.17 0.18 0.14 0.51 0.12 0.12 
trial 1 0.22 0.22 0.14 0.55 0.35 0.11 
trial 2 0.24 0.15 0.12 0.46 0.43 0.10 
trial 3 0.14 0.14 0.11 0.39 0.36 0.11 
trial 4 0.19 0.23 0.11 0.57 0.51 0.15 
trial 5 0.20 0.22 0.13 0.58 0.47 0.11 

Subject 2 

Av2 0.20 0.19 0.12 0.51 0.42 0.12 
trial 1 0.20 0.48 0.30 0.25 0.07 0.17 
trial 2 0.11 0.42 0.29 0.32 0.11 0.17 
trial 3 0.17 0.54 0.21 0.34 0.09 0.22 
trial 4 0.16 0.56 0.29 0.30 0.15 0.27 
trial 5 0.20 0.52 0.29 0.38 0.13 0.30 

Subject 3 

Av3 0.17 0.50 0.28 0.32 0.11 0.23 
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Table A5.3a 
Slope value for down movement from the six locations 

  cwd cwbd camd cambd cbetd cbebd 

trial 1 834.7 633.7 4018.3 3501.4 822.5 3731 

trial 2 1233.3 970.6 3174.5 3677.3 757.6 3825.2 

trial 3 944.5 1060 4632.3 3677.3 555.4 4000.2 

trial 4 932.3 810.5 4698.1 3340.6 1590.1 4668.2 

trial 5 721.1 758.5 3259.7 3563.3 552.4 4457.3 

Subject 1 

Av1 933.2 846.7 3956.5 3551.9 855.6 4136.3 

trial 1 589.8 531.7 5069 1440.1 763.8 3179.7 

trial 2 1389.7 644.4 3657.6 1411.5 922.8 3898.5 

trial 3 525.2 678.1 3350 1943.1 871.5 4120.2 

trial 4 639.4 656.1 4522.4 1424.7 884.1 3881.2 

trial 5 973.8 582.2 4374.9 2193.1 1379.9 4438 

Subject 2 

Av2 823.6 618.5 4194.7 1682.5 964.4 3903.5 

trial 1 1068.7 1563.4 3196.2 1922.9 578.31 3862.4 

trial 2 2072.1 1786.4 4015.5 1137.3 706.2 2859 

trial 3 1443.8 2292.6 4671.5 1307.7 758.5 2954.6 

trial 4 1946.9 2283.6 3710.7 1681.6 701.4 2667.1 

trial 5 1631.8 1467.2 5156.3 1220.1 623.4 2427.1 

Subject 3 

Av3 1632.6 1878.6 4150.0 1453.9 673.5 2954.0 

 Av 1129.8 1114.6 4100.4 2229.4 831.2 3664.6 

 
 

Table A5.3b 
Vrms value for down movement from the six locations 

  cwd cwbd camd cambd cbetd cbebd 

trial 1 0.09 0.06 0.37 0.39 0.07 0.40 
trial 2 0.12 0.10 0.36 0.36 0.08 0.37 
trial 3 0.09 0.08 0.43 0.36 0.07 0.38 
trial 4 0.08 0.07 0.49 0.32 0.11 0.41 
trial 5 0.06 0.08 0.33 0.30 0.06 0.40 

Subject 1 

Av1 0.09 0.08 0.40 0.35 0.08 0.39 
trial 1 0.07 0.05 0.42 0.15 0.09 0.27 
trial 2 0.11 0.07 0.35 0.14 0.10 0.47 
trial 3 0.05 0.07 0.34 0.18 0.11 0.46 
trial 4 0.07 0.06 0.45 0.15 0.09 0.37 
trial 5 0.08 0.06 0.41 0.21 0.11 0.47 

Subject 2 

Av2 0.08 0.06 0.39 0.17 0.10 0.41 
trial 1 0.11 0.13 0.29 0.18 0.06 0.40 
trial 2 0.18 0.14 0.39 0.12 0.07 0.31 
trial 3 0.16 0.20 0.51 0.13 0.08 0.31 
trial 4 0.20 0.20 0.46 0.17 0.06 0.24 
trial 5 0.18 0.15 0.48 0.12 0.06 0.24 

Subject 3 

Av3 0.16 0.17 0.42 0.14 0.07 0.30 
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Table A5.4a 
Slope value for up movement from the six locations 

  cwu cwbu camu cambu cbetu cbebu 

trial 1 1241.4 1548.4 2926.9 3970.5 3631.1 1415.5 

trial 2 1758.8 1696.3 2292.6 3451.4 3948.6 2053.3 

trial 3 1178.4 1675.5 1619.1 3506.2 3583.4 1244.1 

trial 4 1656 1959.5 2007.7 3728.7 3167.2 1260.7 

trial 5 1482.8 1192.1 1935.1 4398.8 3064.5 999.2 

Subject 1 

Av1 1463.4 1614.3 2156.2 3811.1 3478.9 1394.5 

trial 1 1116 738.5 3082.6 3302.6 4439.1 628.6 

trial 2 998.3 837.8 2063.8 3925.4 3673.1 1307.2 

trial 3 824.0 1709.6 4581.1 3883.2 4709.6 1292.9 

trial 4 931.2 1124.9 1965.7 4292.8 4166.7 1377.8 

trial 5 677.8 1409.2 2741.6 4568.1 3567.1 858.9 

Subject 2 

Av2 909.4 1164.0 2886.9 3994.4 4111.1 1093.1 

trial 1 743.6 3579.9 1995.6 3153.9 2421.9 805.0 

trial 2 660.4 2817.2 2587.2 3736.5 3041.6 1295.3 

trial 3 727.1 2281 2023.5 3771.1 2379.1 878.9 

trial 4 675.3 3783.2 2480.7 4611.5 3564.2 1099.2 

trial 5 904.0 4629.5 2580.8 3985 3118.8 1369 

Subject 3 

Av3 742.1 3418.1 2333.5 3851.6 2905.1 1089.4 

 Av 1038.3 2065.5 2458.9 3885.7 3498.4 1192.3 

 

 
Table A5.4b 

Vrms value for up movement from the six locations 
  cwu cwbu camu cambu cbetu cbebu 

trial 1 0.12 0.15 0.27 0.44 0.31 0.15 
trial 2 0.16 0.17 0.18 0.37 0.39 0.15 
trial 3 0.10 0.16 0.14 0.42 0.31 0.10 
trial 4 0.15 0.16 0.17 0.29 0.28 0.12 
trial 5 0.16 0.13 0.15 0.40 0.32 0.11 

Subject 1 

Av1 0.14 0.15 0.18 0.38 0.32 0.13 
trial 1 0.10 0.08 0.28 0.36 0.38 0.07 
trial 2 0.09 0.09 0.19 0.40 0.46 0.12 
trial 3 0.09 0.13 0.37 0.44 0.48 0.12 
trial 4 0.09 0.13 0.19 0.51 0.38 0.12 
trial 5 0.06 0.11 0.23 0.49 0.42 0.08 

Subject 2 

Av2 0.09 0.11 0.25 0.44 0.43 0.10 
trial 1 0.09 0.35 0.20 0.26 0.26 0.09 
trial 2 0.08 0.33 0.26 0.30 0.31 0.11 
trial 3 0.06 0.25 0.17 0.34 0.25 0.10 
trial 4 0.06 0.43 0.23 0.48 0.36 0.12 
trial 5 0.08 0.52 0.29 0.40 0.33 0.11 

Subject 3 

Av3 0.07 0.38 0.23 0.36 0.30 0.10 
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Table A5.5 
Slope value and Vrms values from the location “cw” for four movements 

  Slope Values  Vrms Values 
  cwcl cwop cwd cwu  cwcl cwop cwd cwu 

trial 1 1348.8 1099.7 834.6 1241.4  0.10 0.11 0.09 0.12 

trial 2 1300.5 1931.2 1233.3 1758.8  0.13 0.14 0.12 0.16 

trial 3 970.31 1793.5 944.5 1178.4  0.10 0.17 0.09 0.10 

trial 4 1201.8 1745 932.3 1656  0.09 0.16 0.08 0.15 

trial 5 1502.7 3296.1 721.1 1482.8  0.12 0.25 0.06 0.16 

Subject 

1 

av1 1264.8 1973.1 933.2 1463.4  0.11 0.17 0.09 0.14 

trial 1 934.4 2484.6 589.8 1116  0.08 0.22 0.07 0.10 

trial 2 1265.2 2204.7 1389.7 998.3  0.11 0.24 0.11 0.09 

trial 3 1140 1619 525.2 824.0  0.12 0.14 0.05 0.09 

trial 4 1499.1 2248.8 639.4 931.2  0.13 0.19 0.07 0.09 

trial 5 1116.8 1890.9 973.8 677.8  0.12 0.20 0.08 0.06 

Subject 

2 

av2 1191.1 2089.6 823.6 909.4  0.11 0.20 0.08 0.09 

trial 1 622.2 2881.7 1068.7 743.6  0.05 0.20 0.11 0.09 

trial 2 1007.4 1348.9 2072.1 660.4  0.10 0.11 0.18 0.08 

trial 3 527.2 2182.5 1443.8 727.1  0.05 0.17 0.16 0.06 

trial 4 543.1 1848.6 1946.9 675.3  0.06 0.16 0.20 0.06 

trial 5 1198.4 2402.9 1631.8 904.1  0.11 0.20 0.18 0.08 

Subject 

3 

av3 779.6 2132.9 1632.6 742.1  0.07 0.17 0.16 0.07 
 av 1078.5 2065.2 1129.8 1038.3      

 

Table A5.6 
Slope value and Vrms values from the location “cwb” for four movements 

   Slope Vlues  Vrms Values 
  cwbcl cwbop cwbd cwbu  cwbcl cwbop cwbd cwbu 

trial 1 779.9 1691.6 633.7 1548.4  0.07 0.16 0.06 0.15 

trial 2 1768.8 1627.2 970.6 1696.3  0.14 0.17 0.10 0.17 

trial 3 880.9 1807 1060 1675.5  0.08 0.18 0.08 0.16 

trial 4 724.5 3352.3 810.5 1959.5  0.07 0.26 0.07 0.16 

trial 5 820.0 1835.8 758.5 1192.1  0.08 0.16 0.08 0.13 

Subject 

1 

av1 994.8 2062.7 846.7 1614.3  0.09 0.18 0.08 0.15 

trial 1 1036.1 2163.9 531.7 738.5  0.09 0.22 0.05 0.08 

trial 2 1065.6 1698.9 644.4 837.8  0.12 0.15 0.07 0.09 

trial 3 1339.6 1488.8 678.1 1709.6  0.14 0.14 0.07 0.13 

trial 4 1519.9 2767.5 656.1 1124.9  0.13 0.23 0.06 0.13 

trial 5 790.3 2221.6 582.2 1409.2  0.09 0.22 0.06 0.11 

Subject 

2 

av2 1150.3 2068.1 618.5 1164.0  0.11 0.19 0.06 0.11 

trial 1 2338 4619.7 1563.4 3579.9  0.22 0.48 0.13 0.35 

trial 2 1729.1 4605.1 1786.4 2817.2  0.18 0.42 0.14 0.33 

trial 3 1824.6 4721.8 2292.6 2281  0.17 0.54 0.20 0.25 

trial 4 1503.3 5010.1 2283.6 3783.2  0.19 0.56 0.20 0.43 

trial 5 2532 5296 1467.2 4629.5  0.23 0.52 0.15 0.52 

Subject 

3 

av3 1985.4 4850.5 1878.6 3418.1  0.20 0.50 0.17 0.38 
 av 1376.8 2993.8 1114.6 2065.5      
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Table A5.7 
Slope value and Vrms values from the location “cam” for four movements 

  Slope Values  Vrms Values 
  camcl camop camd camu  camcl camop camd camu 

trial 1 2467.6 1121.1 4018.3 2926.9  0.22 0.12 0.37 0.27 

trial 2 4327.5 1300.2 3174.5 2292.6  0.42 0.13 0.36 0.18 

trial 3 4382.8 2317.7 4632.3 1619.1  0.41 0.22 0.43 0.14 

trial 4 4321.5 1065 4698.1 2007.7  0.47 0.11 0.49 0.17 

trial 5 4870 1197.5 3259.7 1935.1  0.48 0.11 0.33 0.15 

Subject 

1 

av1 4073.8 1400.3 3956.5 2156.2  0.25 0.14 0.42 0.28 

trial 1 2657.1 1549.4 5069 3082.6  0.37 0.12 0.35 0.19 

trial 2 3476.2 1329.6 3657.6 2063.8  0.19 0.11 0.34 0.37 

trial 3 1977.7 1301 3350 4581.1  0.29 0.11 0.45 0.19 

trial 4 4467 1143.3 4522.4 1965.7  0.30 0.13 0.41 0.23 

trial 5 3784.8 1257.3 4374.9 2741.6  0.28 0.12 0.39 0.25 

Subject 

2 

av2 3272.5 1316.1 4194.7 2886.9  0.25 0.14 0.42 0.28 

trial 1 2255.7 3241 3196.2 1995.6  0.22 0.30 0.29 0.20 

trial 2 1760.1 2522.6 4015.5 2587.2  0.17 0.29 0.39 0.26 

trial 3 2700.9 2440.8 4671.5 2023.5  0.27 0.21 0.51 0.17 

trial 4 3537.1 3194.1 3710.7 2480.7  0.28 0.29 0.46 0.23 

trial 5 2959.3 2872.8 5156.3 2580.8  0.25 0.29 0.48 0.29 

Subject 

3 

av3 2642.6 2854.2 4150.0 2333.5  0.24 0.28 0.42 0.23 
 av 3329.6 1856.8 4100.4 2458.9      

 

Table A5.8 
Slope value and Vrms values from the location “camb” for four movements 

   Slope Values  Vrms Values 
  cambcl cambop cambd cambu  cambcl cambop cambd cambu 

trial 1 3259.4 4157.6 3501.4 3970.5  0.27 0.47 0.39 0.44 

trial 2 2393.7 4517.8 3677.3 3451.4  0.20 0.54 0.36 0.37 

trial 3 4024.6 5033.6 3677.3 3506.2  0.43 0.52 0.36 0.42 

trial 4 2182.7 3982.8 3340.6 3728.7  0.23 0.48 0.32 0.29 

trial 5 3047.1 4373.5 3563.3 4398.8  0.28 0.54 0.30 0.40 

Subject 

1 

av1 2981.5 4413.0 3551.9 3811.1  0.28 0.51 0.35 0.38 

trial 1 2452.8 5659.6 1440.1 3302.6  0.26 0.55 0.15 0.36 

trial 2 4651.5 3988.6 1411.5 3925.4  0.48 0.46 0.14 0.40 

trial 3 3513 3300 1943.1 3883.2  0.33 0.39 0.18 0.44 

trial 4 3725.8 4945.4 1424.7 4292.8  0.39 0.57 0.15 0.51 

trial 5 2814.8 4805 2193.1 4568.1  0.28 0.58 0.21 0.49 

Subject 

2 

av2 3431.5 4539.7 1682.5 3994.4  0.35 0.51 0.17 0.44 

trial 1 2412.6 2785.6 1922.9 3153.9  0.27 0.25 0.18 0.26 

trial 2 1665.8 3041.9 1137.3 3736.5  0.13 0.32 0.12 0.30 

trial 3 1868.4 3049.6 1307.7 3771.1  0.18 0.34 0.13 0.34 

trial 4 1637.1 3019.4 1681.6 4611.5  0.19 0.30 0.17 0.48 

trial 5 674.3 3349.5 1220.1 3985  0.08 0.38 0.12 0.40 

Subject 

3 

av3 1651.6 3049.2 1453.9 3851.6  0.17 0.32 0.14 0.36 
 av 2688.2 4000.6 2229.4 3885.7      
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Table A5.9 
Slope value and Vrms values from the location “cbet” for four movements 

  Slope Values  Vrms Values 

  cbetcl cbetop cbetd cbetu  cbetcl cbetop cbetd cbetu 

trial 1 2825.1 2145.1 822.5 3631.1  0.23 0.19 0.07 0.31 
trial 2 2420.9 1414.1 757.6 3948.6  0.28 0.12 0.08 0.39 
trial 3 3620.8 1181.3 555.4 3583.4  0.40 0.11 0.07 0.31 
trial 4 3363.1 1062.9 1590.1 3167.2  0.32 0.11 0.11 0.28 
trial 5 3489.3 1013.7 552.4 3064.5  0.39 0.09 0.06 0.32 

Subject 

1 

av1 3143.8 1363.4 855.6 3478.9  0.32 0.12 0.08 0.32 
trial 1 2534.1 4286.1 763.8 4439.1  0.25 0.35 0.09 0.38 
trial 2 3930.1 4171.3 922.8 3673.1  0.34 0.43 0.10 0.46 
trial 3 2957.1 3631.9 871.5 4709.6  0.29 0.36 0.11 0.48 
trial 4 3693.5 4571.9 884.1 4166.7  0.37 0.51 0.09 0.38 
trial 5 2932.4 4899.4 1379.9 3567.1  0.30 0.47 0.11 0.42 

Subject 

2 

av2 3209.4 4312.1 964.4 4111.1  0.31 0.42 0.10 0.43 
trial 1 1218.9 710.5 578.3 2421.9  0.13 0.07 0.06 0.26 
trial 2 1317.5 1203.9 706.2 3041.6  0.13 0.11 0.07 0.31 
trial 3 682.3 768.9 758.5 2379.1  0.06 0.09 0.08 0.25 
trial 4 945.0 1382.5 701.4 3564.2  0.10 0.15 0.06 0.36 
trial 5 964.6 1200.2 623.4 3118.8  0.10 0.13 0.06 0.33 

Subject 

3 

av3 1025.6 1053.2 673.5 2905.1  0.11 0.11 0.07 0.30 
 av 2459.6 2242.9 831.2 3498.4      

 

Table A5.10 
Slope value and Vrms values from the location “cbeb” for four movements 

  Slope Values  Vrms Values 

  cbebcl cbebop cbebd cbebu  cbebcl cbebop cbebd cbebu 

trial 1 4375 1719.7 3731 1415.5  0.37 0.12 0.40 0.15 
trial 2 3205.1 1218.8 3825.2 2053.3  0.31 0.13 0.37 0.15 
trial 3 2957.1 998.3 4000.2 1244.1  0.32 0.10 0.38 0.10 
trial 4 3709.7 1208.1 4668.2 1260.7  0.39 0.13 0.41 0.12 
trial 5 4126 1169.6 4457.3 999.2  0.46 0.11 0.40 0.11 

Subject 

1 

av1 3674.5 1262.9 4136.3 1394.5  0.37 0.12 0.39 0.13 
trial 1 1334.8 1147 3179.7 628.6  0.15 0.11 0.27 0.07 
trial 2 2190 1170.2 3898.5 1307.2  0.17 0.10 0.47 0.12 
trial 3 2288.8 1332.9 4120.2 1292.9  0.22 0.11 0.46 0.12 
trial 4 1693.1 1580.3 3881.2 1377.8  0.15 0.15 0.37 0.12 
trial 5 1845.9 1097.1 4438 858.9  0.20 0.11 0.47 0.08 

Subject 

2 

av2 1870.5 1265.5 3903.5 1093.1  0.18 0.12 0.41 0.10 
trial 1 1510.3 1560.4 3862.4 805.0  0.18 0.17 0.40 0.09 
trial 2 1695.9 1560.4 2859 1295.3  0.17 0.17 0.31 0.11 
trial 3 1331.7 2872.9 2954.6 878.9  0.13 0.22 0.31 0.10 
trial 4 2169.5 2508.9 2667.1 1099.2  0.20 0.27 0.24 0.12 
trial 5 2340.9 2505.2 2427.1 1369  0.24 0.30 0.24 0.11 

Subject 

3 

av3 1809.6 2201.5 2954.0 1089.4  0.18 0.23 0.30 0.10 
 av 2451.5 1576.6 3664.6 1192.3      
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Table A5.11 
Av freq for closing movement from the six locations 

 cwcl cwbcl camcl cambcl cbetcl cbebcl 

trial 1 174.15 146.48 168.13 174.80 182.29 156.90 

trial 2 173.99 168.94 173.99 166.82 158.20 154.78 

trial 3 156.73 133.95 170.41 136.88 180.82 146.80 

trial 4 153.80 179.19 177.89 148.60 174.80 173.33 

trial 5 178.71 156.73 173.66 172.03 140.46 153.48 

av1 167.48 157.06 172.81 159.83 167.31 157.06 

trial 1 163.89 172.36 164.55 188.31 174.64 171.87 

trial 2 171.54 171.22 179.68 159.01 187.01 177.89 

trial 3 148.76 152.01 189.29 172.20 166.50 160.15 

trial 4 155.92 173.17 188.31 177.24 182.12 172.20 

trial 5 191.56 164.22 193.19 171.87 167.48 180.98 

av2 166.34 166.60 183.00 173.73 175.55 172.62 

trial 1 152.34 158.37 185.71 178.06 166.99 154.62 

trial 2 156.58 158.53 170.57 158.20 165.36 144.37 

trial 3 162.11 150.72 174.15 168.29 159.67 170.90 

trial 4 147.46 177.41 192.55 146.81 165.36 148.44 

trial 5 164.23 153.65 170.57 153.48 144.37 163.90 

av3 156.54 159.73 178.71 160.97 160.35 156.45 

av 163.45 161.13 178.18 164.84 167.74 162.04 
 

 
Table A5.12 

Av freq for opening movement from the six locations 
 cwop cwbop camop cambop cbetop cbebop 

trial 1 161.94 177.73 183.59 157.55 173.66 152.50 

trial 2 167.96 150.87 188.31 159.66 155.92 167.15 

trial 3 168.45 153.32 173.66 173.17 169.27 168.29 

trial 4 170.89 152.50 156.90 178.54 152.83 174.31 

trial 5 170.24 188.80 164.38 155.43 136.71 155.59 

av1 167.90 164.64 173.37 164.87 157.68 163.57 

trial 1 182.94 188.15 179.03 174.47 155.76 193.84 

trial 2 176.26 194.98 180.82 175.78 121.90 193.84 

trial 3 189.77 168.29 195.80 171.22 179.85 188.80 

trial 4 186.03 162.76 165.36 179.19 156.73 202.79 

trial 5 179.68 180.33 189.45 187.01 171.87 179.36 

av2 182.94 178.90 182.09 177.53 157.22 191.73 

trial 1 162.76 171.06 167.32 148.27 160.48 149.90 

trial 2 163.25 148.60 180.83 167.48 164.88 140.14 

trial 3 170.74 157.23 175.13 162.92 160.64 162.92 

trial 4 151.04 175.13 133.46 158.69 161.78 137.53 

trial 5 167.32 159.67 166.34 152.34 162.76 136.23 

av3 163.02 162.34 164.62 157.94 162.11 145.35 

av 171.29 168.63 173.36 166.79 159.01 166.88 
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Table A5.13 
Av freq for down movement from the six locations 

 cwd cwbd camd cambd cbetd cbebd 

trial 1 150.87 153.32 178.05 184.73 166.01 167.64 

trial 2 141.76 156.25 156.90 178.38 153.32 152.34 

trial 3 157.38 170.73 170.57 178.38 124.18 153.48 

trial 4 154.94 145.34 180.50 184.40 156.57 161.29 

trial 5 174.80 154.13 186.19 182.77 138.83 158.20 

av1 155.95 155.95 174.44 181.73 147.78 158.59 

trial 1 188.80 182.29 182.94 175.94 144.85 179.52 

trial 2 196.61 172.36 160.48 185.05 161.78 199.86 

trial 3 172.52 167.15 196.61 182.94 185.38 200.19 

trial 4 187.5 188.80 205.56 186.19 180.82 192.38 

trial 5 189.77 191.08 189.77 192.70 153.80 194.17 

av2 187.04 180.33 187.07 184.57 165.33 193.22 

trial 1 164.06 158.69 169.76 168.62 152.83 176.60 

trial 2 179.52 156.90 187.34 181.64 160.32 153.48 

trial 3 157.06 150.55 169.43 176.92 166.99 170.57 

trial 4 176.76 175.46 173.99 164.55 175.94 178.06 

trial 5 150.88 149.90 164.71 173.50 167.48 151.69 

av3 165.66 158.30 173.05 173.05 164.71 166.08 

av 169.55 164.87 178.19 179.79 159.28 172.63 
 

Table A5.14 
Av freq for up movement from the six locations 

 cwu cwbu camu cambu cbetu cbebu 

trial 1 159.01 199.70 174.15 155.43 174.15 165.03 

trial 2 173.99 170.08 176.26 152.99 171.54 149.41 

trial 3 169.27 173.50 157.87 180.82 153.64 166.66 

trial 4 192.87 178.05 187.33 176.26 189.61 168.29 

trial 5 174.15 182.12 175.78 174.96 171.22 190.26 

av1 173.86 180.69 174.28 168.09 172.03 167.93 

trial 1 182.77 166.50 187.17 170.08 169.59 169.75 

trial 2 178.38 183.59 184.40 188.63 162.59 176.26 

trial 3 171.38 176.59 183.59 185.87 182.77 168.78 

trial 4 130.69 167.48 178.54 187.17 167.31 175.78 

trial 5 173.01 192.87 191.08 179.85 172.03 180.98 

av2 167.25 177.40 184.96 182.32 170.86 174.31 

trial 1 181.97 171.22 159.02 157.55 184.24 167.15 

trial 2 171.06 128.91 161.78 187.83 194.34 162.43 

trial 3 141.11 161.46 161.46 183.92 167.32 141.76 

trial 4 188.64 155.76 181.80 167.48 180.34 157.06 

trial 5 183.59 144.37 164.06 186.36 171.22 162.43 

av3 173.27 152.34 165.63 176.63 179.49 158.17 

av 171.46 170.15 174.96 175.68 174.13 166.81 
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Table A5.15a 
Principal Component Results for two channels combination [Subject 1] 

Descriptive Statistics            
Variable cwclose cwopen cwdown cwup camclose camopen camdown camup cbeclose cbeopen cbedown cbeup 
Mean 1129.84 2017.94 889.97 1538.92 3527.69 2906.68 3754.28 2983.7 3409.21 1313.16 2496.01 2436.77 
Std Dev. 349.54 724.69 176.01 263.39 975.9 1647.32 537.03 967.14 592 361.62 1773.45 1155.49 
Std Err 110.53 229.17 55.66 83.29 308.61 520.93 169.82 305.84 187.21 114.36 560.81 365.4 
N 10 10 10 10 10 10 10 10 10 10 10 10 
Covariance Matrix            
  cwclose cwopen cwdown cwup camclose camopen camdown camup cbeclose cbeopen cbedown cbeup 
cwclose 122176.67 -32285.21 16631.77 1957.89 29475.51 -241008.69 -1379.04 -143411.07 -111492.64 5960.54 -287616.91 217147.58 

cwopen -32285.21 525179.32 -31603.33 84703.08 103312.19 -9827.95 -185259.53 -59351.33 91099.43 -133440.29 131952.20 -161663.08 

cwdown 16631.77 -31603.33 30981.24 14708.56 46511.16 -42397.87 6799.81 -60479.00 -85531.23 -12964.57 -78236.85 83422.44 

cwup 1957.89 84703.08 14708.56 69375.70 -34617.30 85603.43 -57454.99 30928.30 -37403.80 -26519.27 164219.93 -68335.18 

camclose 29475.51 103312.19 46511.16 -34617.30 952380.85 -767762.72 95289.45 -673256.02 -102262.73 -162532.50 -1062123.13 526094.32 

camopen -241008.69 -9827.95 -42397.87 85603.43 -767762.72 2713660.58 -253270.87 1286862.00 416280.94 -137110.30 2668229.62 -1717883.21 

camdown -1379.04 -185259.53 6799.81 -57454.99 95289.45 -253270.87 288397.86 -235469.24 7391.45 -4796.81 -315016.61 218348.06 

camup -143411.07 -59351.33 -60479.00 30928.30 -673256.02 1286862.00 -235469.24 935352.60 249781.13 59145.59 1542972.45 -974351.64 

cbeclose -111492.64 91099.43 -85531.23 -37403.80 -102262.73 416280.94 7391.45 249781.13 350460.98 -22921.13 496774.00 -409465.18 

cbeopen 5960.54 -133440.29 -12964.57 -26519.27 -162532.50 -137110.30 -4796.81 59145.59 -22921.13 130772.35 -123304.92 105628.26 

cbedown -287616.91 131952.20 -78236.85 164219.93 -1062123.13 2668229.62 -315016.61 1542972.45 496774.00 -123304.92 3145108.94 -1963620.96 

cbeup 217147.58 -161663.08 83422.44 -68335.18 526094.32 -1717883.21 218348.06 -974351.64 -409465.18 105628.26 -1963620.96 1335156.55 

 
Explained Variance (Eigenvalues)                     
Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
Eigenvalue 8088480.29 932532.63 621241.47 390531.90 248217.59 178491.52 75428.59 41547.43 22532.22 0.00 0.00 0.00 
% of Var. 76.31 8.80 5.86 3.68 2.34 1.68 0.71 0.39 0.21 0.00 0.00 0.00 
Cum. % 76.31 85.11 90.97 94.66 97.00 98.68 99.40 99.79 100.00 100.00 100.00 100.00 
Component Loadings                       
(correlations between initial variables and principal components)               
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
cwclose -0.47 -0.23 -0.05 -0.44 -0.11 0.14 0.70 -0.01 -0.08 0.10 0.12 -0.55 
cwopen 0.07 0.67 -0.70 -0.05 -0.16 0.16 -0.06 0.05 0.00 -0.06 0.28 0.26 
cwdown -0.29 -0.03 0.34 -0.75 -0.18 -0.28 -0.21 -0.09 0.26 -0.05 0.29 -0.12 
cwup 0.26 0.21 -0.39 -0.52 -0.30 -0.33 -0.10 -0.43 -0.26 -0.43 -0.09 0.21 
camclose -0.62 0.69 0.31 -0.01 0.18 -0.14 0.01 -0.02 -0.01 -0.02 0.51 -0.57 
camopen 0.95 0.09 0.23 -0.12 -0.01 0.14 -0.02 0.00 0.00 -0.07 -0.28 0.82 
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camdown -0.35 -0.17 0.55 0.46 -0.55 -0.12 -0.03 0.09 -0.04 -0.03 0.02 -0.28 
camup 0.92 -0.25 -0.11 0.05 0.27 -0.07 0.01 0.03 0.03 -0.20 -0.44 0.72 
cbeclose 0.50 0.25 -0.06 0.77 0.06 0.23 0.09 -0.16 0.04 -0.17 -0.49 0.41 
cbeopen -0.14 -0.82 -0.12 0.15 0.38 0.15 -0.21 -0.11 -0.23 0.37 -0.37 -0.29 
cbedown 0.99 0.01 -0.05 0.00 -0.07 -0.12 0.01 -0.03 0.01 -0.35 -0.37 0.85 
cbeup -0.97 -0.18 0.04 -0.12 -0.06 0.06 -0.03 -0.08 0.06 0.27 0.25 -0.80 
Component Score Coefficients (Eigenvectors)                   
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
cwclose -0.06 -0.08 -0.02 -0.25 -0.08 0.12 0.89 -0.02 -0.18 0.10 0.26 0.08 
cwopen 0.02 0.50 -0.65 -0.06 -0.23 0.27 -0.15 0.18 0.01 0.07 0.28 0.26 
cwdown -0.02 -0.01 0.08 -0.21 -0.06 -0.12 -0.14 -0.08 0.30 -0.02 0.70 -0.57 
cwup 0.02 0.06 -0.13 -0.22 -0.16 -0.20 -0.10 -0.55 -0.46 -0.58 0.04 0.04 
camclose -0.21 0.69 0.38 -0.01 0.36 -0.32 0.05 -0.11 -0.05 0.15 0.13 0.21 
camopen 0.55 0.15 0.48 -0.30 -0.04 0.56 -0.12 -0.04 -0.03 -0.06 0.04 0.11 
camdown -0.07 -0.09 0.38 0.40 -0.59 -0.16 -0.06 0.25 -0.14 -0.10 0.33 0.33 
camup 0.31 -0.25 -0.13 0.08 0.52 -0.17 0.03 0.17 0.22 -0.37 0.34 0.44 
cbeclose 0.10 0.15 -0.04 0.73 0.07 0.33 0.20 -0.47 0.15 -0.09 0.09 -0.14 
cbeopen -0.02 -0.31 -0.06 0.09 0.27 0.13 -0.28 -0.19 -0.55 0.52 0.33 0.09 
cbedown 0.62 0.02 -0.12 -0.01 -0.25 -0.49 0.07 -0.28 0.16 0.42 -0.08 0.09 
cbeup -0.39 -0.22 0.06 -0.22 -0.13 0.15 -0.11 -0.47 0.49 0.13 0.02 0.46 

 
 

Table A5.15b 
Principal Component Results for two channels combination [Subject 2] 

Descriptive Statistics                       
Variable cwclose cwopen cwdown cwup camclose camopen camdown camup cbeclose cbeopen cbedown cbeup 
Mean 1170.71 2078.87 721.08 1036.76 3352.07 2927.92 2938.64 3440.69 2539.98 2788.81 2434 2602.11 
Std Dev. 235.88 401.46 266.72 319.84 867.25 1807.3 1422.53 968.15 845.12 1641.66 1587.51 1638.6 
Std Err 74.59 126.95 84.35 101.14 274.25 571.52 449.84 306.16 267.25 519.14 502.01 518.17 
N 10 10 10 10 10 10 10 10 10 10 10 10 
Covariance Matrix            
  cwclose cwopen cwdown cwup camclose camopen camdown camup cbeclose cbeopen cbedown cbeup 
cwclose 55640.22 12343.42 12911.16 3630.30 100829.28 -77469.44 -6261.39 -68458.29 66941.10 65497.75 -42087.69 53379.98 

cwopen 12343.42 161168.04 3713.41 -6474.12 -1187.97 140602.44 72903.28 -74616.06 -44507.47 62316.69 -46653.57 27.04 

cwdown 12911.16 3713.41 71141.03 -10124.89 63993.45 -205751.94 111068.91 -155014.26 141187.84 195714.01 -147006.18 114335.89 

cwup 3630.30 -6474.12 -10124.89 102295.51 -9946.03 131978.96 -106580.82 102880.90 -53139.71 -218230.83 254973.96 -183036.90 

camclose 100829.28 -1187.97 63993.45 -9946.03 752116.12 -109988.75 -59070.95 -322049.90 189362.22 52196.05 211594.07 -168653.78 
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camopen -77469.44 140602.44 -205751.94 131978.96 -109988.75 3266318.75 -2279835.26 975122.99 -1374977.83 -2745615.46 2520614.33 -2785630.84 

camdown -6261.39 72903.28 111068.91 -106580.82 -59070.95 -2279835.26 2023601.73 -858685.70 882127.24 2206478.40 -1997036.35 2089509.28 

camup -68458.29 -74616.06 -155014.26 102880.90 -322049.90 975122.99 -858685.70 937320.48 -558947.68 -1080321.46 973923.03 -739383.22 

cbeclose 66941.10 -44507.47 141187.84 -53139.71 189362.22 -1374977.83 882127.24 -558947.68 714227.57 1139806.50 -1043919.69 1105297.48 

cbeopen 65497.75 62316.69 195714.01 -218230.83 52196.05 -2745615.46 2206478.40 -1080321.46 1139806.50 2695049.81 -2453795.46 2500561.98 

cbedown -42087.69 -46653.57 -147006.18 254973.96 211594.07 2520614.33 -1997036.35 973923.03 -1043919.69 -2453795.46 2520180.76 -2473561.15 

cbeup 53379.98 27.04 114335.89 -183036.90 -168653.78 -2785630.84 2089509.28 -739383.22 1105297.48 2500561.98 -2473561.15 2685012.46 

Explained Variance (Eigenvalues)                     
Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
Eigenvalue 13253346.22 1199761.04 668812.85 337356.74 243501.34 125251.42 91514.64 45813.09 18715.14 0.00 0.00 0.00 
% of Var. 82.92 7.51 4.18 2.11 1.52 0.78 0.57 0.29 0.12 0.00 0.00 0.00 
Cum. % 82.92 90.42 94.61 96.72 98.24 99.02 99.60 99.88 100.00 100.00 100.00 100.00 
Component Loadings                       
(correlations between initial variables and principal components)               
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
cwclose -0.15 -0.47 -0.16 -0.30 0.32 0.38 0.04 0.61 -0.16 -0.04 -0.40 0.31 
cwopen -0.01 -0.03 0.67 0.26 0.41 0.55 0.10 -0.06 0.08 -0.30 -0.12 -0.19 
cwdown -0.41 -0.47 0.04 -0.25 -0.32 0.19 0.54 -0.15 0.31 0.26 -0.30 0.34 
cwup 0.36 0.00 -0.36 0.44 -0.45 0.52 -0.13 0.24 0.06 0.26 0.33 0.28 
camclose 0.00 -0.92 -0.22 0.09 0.29 -0.05 -0.06 -0.03 0.02 0.07 0.04 0.10 
camopen 0.97 0.04 0.25 -0.01 0.07 0.02 0.00 -0.02 -0.02 0.10 0.20 -0.45 
camdown -0.95 0.03 0.12 0.29 -0.06 -0.01 -0.05 -0.03 -0.01 -0.23 -0.09 0.25 
camup 0.65 0.59 -0.43 0.11 0.19 0.00 0.08 -0.04 -0.01 0.10 -0.06 0.04 
cbeclose -0.86 -0.31 -0.22 -0.19 -0.14 0.19 0.03 -0.12 -0.09 -0.22 -0.11 0.27 
cbeopen -0.98 -0.05 0.09 0.05 0.05 -0.04 0.12 0.03 -0.02 -0.21 -0.32 0.31 
cbedown 0.96 -0.12 -0.16 0.17 -0.04 0.02 0.04 0.01 -0.01 0.25 0.21 -0.18 
cbeup -0.97 0.18 -0.09 -0.03 0.11 0.05 -0.05 0.00 0.01 -0.24 -0.24 0.34 
Component Score Coefficients (Eigenvectors)                   
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
cwclose -0.01 -0.10 -0.05 -0.12 0.15 0.25 0.03 0.67 -0.28 0.00 0.58 -0.14 
cwopen 0.00 -0.01 0.33 0.18 0.33 0.62 0.13 -0.10 0.22 -0.50 -0.04 0.18 
cwdown -0.03 -0.11 0.01 -0.12 -0.17 0.14 0.47 -0.18 0.60 0.36 0.37 -0.17 
cwup 0.03 0.00 -0.14 0.24 -0.29 0.47 -0.14 0.35 0.14 0.23 -0.51 -0.38 
camclose 0.00 -0.73 -0.23 0.13 0.51 -0.12 -0.17 -0.11 0.11 0.06 -0.07 -0.23 
camopen 0.48 0.07 0.54 -0.02 0.27 0.11 -0.02 -0.17 -0.29 0.50 -0.03 -0.15 
camdown -0.37 0.04 0.21 0.71 -0.17 -0.04 -0.23 -0.21 -0.12 0.06 0.37 -0.18 
camup 0.17 0.52 -0.51 0.19 0.37 0.01 0.26 -0.19 -0.09 -0.10 0.06 -0.39 
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cbeclose -0.20 -0.24 -0.22 -0.28 -0.24 0.44 0.10 -0.47 -0.53 0.01 0.01 -0.06 
cbeopen -0.44 -0.08 0.19 0.15 0.17 -0.17 0.67 0.21 -0.25 0.12 -0.33 0.01 
cbedown 0.42 -0.18 -0.32 0.46 -0.13 0.08 0.23 0.04 -0.12 0.18 0.07 0.59 
cbeup -0.44 0.27 -0.19 -0.10 0.38 0.22 -0.28 -0.01 0.11 0.49 -0.01 0.40 

 
 

Table A5.15c 
Principal Component Results for two channels combination [Subject 3] 

Descriptive Statistics           
Variable cwclose cwopen cwdown cwup camclose camopen camdown camup cbeclose cbeopen cbedown cbeup 
Mean 1382.54 3491.73 1755.65 2080.14 2147.14 2951.73 2801.98 3092.58 1417.67 1627.39 1813.82 1997.31 
Std Dev. 726.73 1496.26 395.72 1535.56 807.53 298.51 1528.48 895.69 530.18 753.31 1256.8 1027.18 
Std Err 229.81 473.16 125.14 485.59 255.36 94.4 483.35 283.24 167.66 238.22 397.44 324.82 
N 10 10 10 10 10 10 10 10 10 10 10 10 
Covariance Matrix            
  cwclose cwopen cwdown cwup camclose camopen camdown camup cbeclose cbeopen cbedown cbeup 
cwclose 528131.73 914658.02 36565.24 1001670.82 -390915.37 63365.47 -842367.50 481867.63 288526.04 383695.26 782476.43 -585608.41 

cwopen 914658.02 2238798.46 80988.85 2129190.46 -793459.37 217059.17 -2064824.86 1139067.80 631590.75 862488.58 1656927.82 -1421301.58 

cwdown 36565.24 80988.85 156595.81 85967.01 -29384.00 -12310.87 -156371.27 198915.08 41675.36 184599.52 142939.63 -67255.08 

cwup 1001670.82 2129190.46 85967.01 2357953.11 -876506.81 181391.61 -1956770.92 1184033.60 728922.91 852664.26 1633633.36 -1305360.71 

camclose -390915.37 -793459.37 -29384.00 -876506.81 652102.42 -60865.15 852132.47 -483720.74 -360382.83 -352608.85 -490940.85 517628.11 

camopen 63365.47 217059.17 -12310.87 181391.61 -60865.15 89106.76 -242538.22 101101.55 77975.75 96142.69 72076.03 -57168.52 

camdown -842367.50 -2064824.86 -156371.27 -1956770.92 852132.47 -242538.22 2336238.83 -1117613.54 -643288.05 -863941.88 -1643215.90 1344513.16 

camup 481867.63 1139067.80 198915.08 1184033.60 -483720.74 101101.55 -1117613.54 802259.55 407580.49 602912.41 861020.30 -682583.36 

cbeclose 288526.04 631590.75 41675.36 728922.91 -360382.83 77975.75 -643288.05 407580.49 281094.82 278491.40 420862.60 -353700.77 

cbeopen 383695.26 862488.58 184599.52 852664.26 -352608.85 96142.69 -863941.88 602912.41 278491.40 567474.93 643647.64 -514594.94 

cbedown 782476.43 1656927.82 142939.63 1633633.36 -490940.85 72076.03 -1643215.90 861020.30 420862.60 643647.64 1579546.84 -1196192.31 

cbeup -585608.41 -1421301.58 -67255.08 -1305360.71 517628.11 -57168.52 1344513.16 -682583.36 -353700.77 -514594.94 -1196192.31 1055097.63 

 
Explained Variance (Eigenvalues)                     
Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
Eigenvalue 10568425.45 615462.53 468594.22 406679.95 244406.65 184152.36 110236.81 37855.96 8586.97 0.00 0.00 0.00 
% of Var. 83.58 4.87 3.71 3.22 1.93 1.46 0.87 0.30 0.07 0.00 0.00 0.00 
Cum. % 83.58 88.45 92.16 95.37 97.30 98.76 99.63 99.93 100.00 100.00 100.00 100.00 
Component Loadings  (correlations between initial variables and principal components)          
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
cwclose 0.89 0.00 0.24 0.14 0.12 0.17 0.29 -0.10 0.00 0.08 0.25 -0.03 
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cwopen 0.98 0.05 0.05 -0.03 -0.13 -0.16 0.02 -0.04 -0.01 -0.02 0.44 -0.21 
cwdown 0.25 -0.12 -0.73 0.55 0.27 0.05 -0.12 -0.01 0.02 0.02 0.00 -0.07 
cwup 0.95 -0.12 0.22 0.11 -0.06 0.07 -0.05 0.06 -0.01 -0.15 0.21 -0.18 
camclose -0.72 0.50 -0.10 0.29 -0.36 0.06 -0.04 0.02 0.01 0.10 -0.27 0.22 
camopen 0.42 -0.29 -0.18 -0.29 -0.73 0.07 0.25 -0.08 0.12 -0.08 0.23 -0.16 
camdown -0.94 -0.02 0.22 0.23 0.04 -0.11 0.01 -0.01 0.01 0.20 -0.24 0.22 
camup 0.89 -0.24 -0.21 0.26 0.00 -0.05 -0.13 -0.10 -0.02 -0.06 0.28 -0.19 
cbeclose 0.85 -0.46 0.09 -0.04 -0.02 0.11 -0.15 -0.04 0.14 -0.13 0.21 -0.34 
cbeopen 0.81 -0.23 -0.36 0.30 -0.01 -0.12 0.22 0.12 0.01 -0.01 0.35 -0.17 
cbedown 0.92 0.35 -0.01 0.11 0.10 0.11 -0.01 -0.02 0.01 -0.01 0.24 -0.14 
cbeup -0.92 -0.27 -0.03 0.08 -0.16 0.20 0.04 -0.05 -0.03 -0.02 -0.46 0.27 
Component Score Coefficients (Eigenvectors)                   
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10 PC 11 PC 12 
cwclose 0.20 0.00 0.26 0.16 0.17 0.28 0.64 -0.38 0.00 0.24 -0.01 -0.39 
cwopen 0.45 0.09 0.12 -0.08 -0.38 -0.54 0.10 -0.31 -0.13 0.30 0.02 0.34 
cwdown 0.03 -0.06 -0.42 0.34 0.21 0.05 -0.14 -0.03 0.06 0.49 0.61 0.09 
cwup 0.45 -0.23 0.50 0.26 -0.19 0.24 -0.24 0.45 -0.17 0.00 0.19 -0.07 
camclose -0.18 0.52 -0.12 0.37 -0.60 0.12 -0.09 0.07 0.10 0.20 -0.18 -0.30 
camopen 0.04 -0.11 -0.08 -0.14 -0.44 0.05 0.22 -0.12 0.39 -0.48 0.56 -0.07 
camdown -0.44 -0.03 0.48 0.55 0.13 -0.39 0.03 -0.11 0.18 -0.14 0.10 0.16 
camup 0.25 -0.28 -0.27 0.37 0.00 -0.11 -0.36 -0.47 -0.19 -0.35 -0.18 -0.32 
cbeclose 0.14 -0.31 0.07 -0.03 -0.02 0.14 -0.23 -0.12 0.77 0.26 -0.34 0.10 
cbeopen 0.19 -0.22 -0.39 0.36 -0.01 -0.21 0.50 0.47 0.10 -0.12 -0.27 0.13 
cbedown 0.36 0.56 -0.01 0.21 0.25 0.31 -0.03 -0.13 0.13 -0.34 -0.03 0.46 
cbeup -0.29 -0.35 -0.05 0.13 -0.34 0.47 0.12 -0.24 -0.30 0.05 -0.11 0.51 

 
 



 5-45

Table A5.16a 
Principal Component Results for three channel combination [Subject 1] 

Descriptive Statistics               
Variable cambetclose cambetopen cambetdown cambetup cambebclose cambebopen cambebdown cambebup 
Mean 3399.74 2392.26 2788.06 3148.79 3576.65 2358.76 3881.65 2453.99 
Std Dev. 848.6 1540.43 1496.07 834.92 848.28 1552 517.4 1116.98 
Std Err 219.11 397.74 386.28 215.58 219.03 400.72 133.59 288.4 
N 15 15 15 15 15 15 15 15 
Covariance Matrix        
  cambetclose cambetopen cambetdown cambetup cambebclose cambebopen cambebdown cambebup 
cambetclose 720122.11 -392473.20 325780.04 -517337.58 594362.47 -363629.36 63243.06 -339042.21 
cambetopen -392473.20 2372939.96 895782.51 671170.15 -512824.46 2380783.34 -344638.45 1429439.26 
cambetdown 325780.04 895782.51 2238211.29 -506444.35 -31036.82 975689.22 -51303.52 945471.43 
cambetup -517337.58 671170.15 -506444.35 697097.79 -443122.23 638929.56 -143519.68 449795.99 
cambebclose 594362.47 -512824.46 -31036.82 -443122.23 719581.47 -516305.17 83436.01 -514798.37 
cambebopen -363629.36 2380783.34 975689.22 638929.56 -516305.17 2408707.81 -326254.94 1453821.41 
cambebdown 63243.06 -344638.45 -51303.52 -143519.68 83436.01 -326254.94 267698.70 -323876.13 
cambebup -339042.21 1429439.26 945471.43 449795.99 -514798.37 1453821.41 -323876.13 1247647.87 
Explained Variance (Eigenvalues)             
Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 
Eigenvalue 6696375.17 2519207.56 912712.45 314901.28 119243.21 95045.32 13552.48 969.54 
% of Var. 62.75 23.61 8.55 2.95 1.12 0.89 0.13 0.01 
Cum. % 62.75 86.35 94.91 97.86 98.97 99.86 99.99 100.00 
Component Loadings  (correlations between initial variables and principal components)      
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 
cambetclose -0.34 0.71 0.54 -0.15 0.10 -0.26 0.01 0.00 
cambetopen 0.97 -0.10 0.20 0.06 -0.04 0.01 0.04 -0.01 
cambetdown 0.53 0.81 -0.24 0.03 0.02 0.03 0.02 0.01 
cambetup 0.48 -0.83 -0.04 -0.11 0.25 0.01 0.07 0.02 
cambebclose -0.49 0.48 0.67 -0.11 0.09 0.25 -0.01 0.00 
cambebopen 0.98 -0.06 0.19 0.08 -0.02 -0.02 -0.04 0.01 
cambebdown -0.45 0.15 -0.07 0.78 0.40 -0.02 -0.05 -0.02 
cambebup 0.93 0.03 -0.22 -0.27 0.11 0.01 -0.05 -0.01 
Component Score Coefficients (Eigenvectors)           
Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 
cambetclose -0.11 0.38 0.48 -0.23 0.24 -0.70 0.10 -0.03 
cambetopen 0.58 -0.09 0.33 0.17 -0.16 0.06 0.47 -0.52 
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cambetdown 0.31 0.76 -0.38 0.08 0.08 0.13 0.29 0.24 
cambetup 0.15 -0.44 -0.04 -0.17 0.61 0.02 0.47 0.41 
cambebclose -0.16 0.26 0.59 -0.17 0.23 0.68 -0.08 0.03 
cambebopen 0.58 -0.06 0.31 0.22 -0.09 -0.10 -0.47 0.52 
cambebdown -0.09 0.05 -0.04 0.72 0.60 -0.04 -0.21 -0.27 
cambebup 0.40 0.02 -0.26 -0.54 0.35 0.03 -0.44 -0.40 

 
Table A5.16b 

Principal Component Results for three channel combination [Subject 2] 
Descriptive Statistics               

Variable cambetclose cambetopen cambetdown cambetup cambebclose cambebopen cambebdown cambebup 

Mean 3304.53 3389.32 2280.59 3664.17 2858.22 2373.78 3260.27 2658.16 

Std Dev. 764.71 1618.62 1498.41 881.99 1024.06 1663.99 1258.48 1394.99 

Std Err 197.45 417.93 386.89 227.73 264.41 429.64 324.94 360.18 

N 15 15 15 15 15 15 15 15 

Covariance Matrix        

  cambetclose cambetopen cambetdown cambetup cambebclose cambebopen cambebdown cambebup 

cambetclose 584787.99 -114086.34 27280.83 -266268.32 562917.36 -439.43 -51337.24 -83008.88 

cambetopen -114086.34 2619939.82 -2094994.17 800747.66 -585849.40 1548571.45 -1134737.09 -162373.45 

cambetdown 27280.83 -2094994.17 2245222.50 -890972.98 662650.11 -689475.82 872291.36 547556.06 

cambetup -266268.32 800747.66 -890972.98 777914.04 -447939.05 372379.35 -426387.07 229019.83 

cambebclose 562917.36 -585849.40 662650.11 -447939.05 1048698.95 516391.79 -344935.95 646510.47 

cambebopen -439.43 1548571.45 -689475.82 372379.35 516391.79 2768866.26 -1847248.63 1568728.73 

cambebdown -51337.24 -1134737.09 872291.36 -426387.07 -344935.95 -1847248.63 1583770.35 -1073700.74 

cambebup -83008.88 -162373.45 547556.06 229019.83 646510.47 1568728.73 -1073700.74 1945987.39 

Explained Variance (Eigenvalues)             

Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

Eigenvalue 6962179.44 4315737.47 1298476.97 633385.86 246381.77 69049.17 26738.66 23237.95 

% of Var. 51.29 31.79 9.57 4.67 1.81 0.51 0.20 0.17 

Cum. % 51.29 83.08 92.64 97.31 99.12 99.63 99.83 100.00 

Component Loadings               

(correlations between initial variables and principal components)       

Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 
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cambetclose -0.07 0.19 -0.88 0.30 0.24 0.13 -0.07 -0.09 

cambetopen 0.87 -0.43 -0.09 -0.18 0.12 0.03 0.05 0.00 

cambetdown -0.72 0.64 0.11 -0.23 0.06 -0.01 0.04 -0.05 

cambetup 0.60 -0.34 0.51 0.44 0.22 -0.15 0.01 -0.07 

cambebclose -0.06 0.77 -0.59 0.17 0.07 -0.12 0.06 0.05 

cambebopen 0.86 0.47 -0.04 -0.20 0.01 -0.05 -0.05 0.00 

cambebdown -0.88 -0.35 0.06 -0.16 0.26 -0.02 -0.04 0.05 

cambebup 0.38 0.84 0.33 0.15 0.10 0.09 0.01 0.03 

Component Score Coefficients (Eigenvectors)           

Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

cambetclose -0.02 0.07 -0.59 0.29 0.36 0.37 -0.32 -0.43 

cambetopen 0.53 -0.34 -0.13 -0.36 0.39 0.20 0.51 -0.02 

cambetdown -0.41 0.46 0.14 -0.43 0.17 -0.04 0.33 -0.53 

cambetup 0.20 -0.14 0.40 0.49 0.38 -0.50 0.04 -0.39 

cambebclose -0.02 0.38 -0.53 0.22 0.14 -0.47 0.40 0.35 

cambebopen 0.54 0.38 -0.05 -0.42 0.03 -0.33 -0.53 -0.05 

cambebdown -0.42 -0.22 0.07 -0.25 0.66 -0.12 -0.31 0.40 

cambebup 0.20 0.56 0.40 0.26 0.29 0.47 0.06 0.32 

 
 Table A5.16c 

Principal Component Results for three channel combination [Subject 3] 
Descriptive Statistics               

Variable cambetclose cambetopen cambetdown cambetup cambebclose cambebopen cambebdown cambebup 

Mean 1773.32 2318.89 2092.52 3030.09 2034.64 2701.67 2852.67 2424.89 

Std Dev. 858.23 969.81 1606.84 772.12 706.67 543.62 1262.01 1220.09 

Std Err 221.59 250.4 414.88 199.36 182.46 140.36 325.85 315.03 

N 15 15 15 15 15 15 15 15 

Covariance Matrix        

  cambetclose cambetopen cambetdown cambetup cambebclose cambebopen cambebdown cambebup 

cambetclose 736550.40 470645.02 1113447.42 -256562.31 510148.04 119405.56 521689.91 228137.02 

cambetopen 470645.02 940537.24 807262.67 191454.60 143270.26 401959.42 -260203.56 987058.42 

cambetdown 1113447.42 807262.67 2581923.92 -622506.41 716504.52 230702.07 1419726.01 296771.32 

cambetup -256562.31 191454.60 -622506.41 596167.46 -243670.26 108235.08 -779103.96 629600.37 
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cambebclose 510148.04 143270.26 716504.52 -243670.26 499375.58 36571.04 489540.75 -127559.79 

cambebopen 119405.56 401959.42 230702.07 108235.08 36571.04 295523.98 -238025.76 422548.35 

cambebdown 521689.91 -260203.56 1419726.01 -779103.96 489540.75 -238025.76 1592669.63 -821567.29 

cambebup 228137.02 987058.42 296771.32 629600.37 -127559.79 422548.35 -821567.29 1488613.40 

                  

Explained Variance (Eigenvalues)             

Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

Eigenvalue 4661032.47 3198397.97 424597.70 248820.93 118639.17 40702.33 33742.11 5428.94 

% of Var. 53.38 36.63 4.86 2.85 1.36 0.47 0.39 0.06 

Cum. % 53.38 90.01 94.88 97.73 99.09 99.55 99.94 100.00 

Component Loadings               

(correlations between initial variables and principal components)       

Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

cambetclose 0.84 0.30 0.41 -0.10 0.16 0.07 0.03 0.05 

cambetopen 0.34 0.91 0.03 0.16 0.06 -0.11 0.10 -0.01 

cambetdown 0.97 0.21 -0.13 0.01 -0.04 -0.03 -0.05 0.01 

cambetup -0.66 0.60 -0.05 -0.38 -0.23 -0.07 0.05 0.04 

cambebclose 0.74 -0.04 0.63 -0.14 -0.18 -0.03 -0.05 -0.05 

cambebopen 0.11 0.74 0.08 0.50 -0.37 0.19 0.06 0.02 

cambebdown 0.83 -0.52 -0.15 -0.11 -0.03 0.04 0.08 -0.01 

cambebup -0.07 0.98 -0.11 -0.13 0.05 0.07 -0.02 -0.02 

Component Score Coefficients (Eigenvectors)           

Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

cambetclose 0.33 0.15 0.54 -0.18 0.40 0.29 0.16 0.53 

cambetopen 0.15 0.49 0.05 0.31 0.17 -0.52 0.55 -0.19 

cambetdown 0.72 0.19 -0.32 0.05 -0.17 -0.23 -0.46 0.23 

cambetup -0.24 0.26 -0.05 -0.58 -0.52 -0.25 0.23 0.39 

cambebclose 0.24 -0.01 0.68 -0.19 -0.37 -0.12 -0.18 -0.50 

cambebopen 0.03 0.23 0.07 0.55 -0.58 0.50 0.17 0.15 

cambebdown 0.48 -0.37 -0.29 -0.29 -0.10 0.26 0.57 -0.24 

cambebup -0.04 0.67 -0.21 -0.33 0.17 0.45 -0.15 -0.38 
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Table A5.17a  
Principal Component Results for four channel combination [Subject 1] 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      

Descriptive Statistics       
Variable Mean Std Dev. Std Err N 
close 3468.45 787.93 176.19 20.00 
open 2109.92 1419.72 317.46 20.00 
down 3125.14 1429.35 319.61 20.00 

up 2710.23 1074.35 240.23 20.00 

Covariance Matrix       
  close open down up 
close 620829.69 -324850.27 319682.76 -495815.17 
open -324850.27 2015599.01 349274.79 888954.74 
down 319682.76 349274.79 2043043.35 -860571.65 

up -495815.17 888954.74 -860571.65 1154223.97 

Explained Variance (Eigenvalues)     

Value PC 1 PC 2 PC 3 PC 4 
Eigenvalue 2878767.93 2378847.01 453757.49 122323.59 
% of Var. 49.35 40.78 7.78 2.10 

Cum. % 49.35 90.12 97.90 100.00 

Component Loadings       
Variable PC 1 PC 2 PC 3 PC 4 
close -0.61 0.00 0.78 0.13 
open 0.63 0.76 0.14 -0.10 

down -0.61 0.77 -0.13 0.09 

up 0.97 0.01 -0.04 0.26 

Component Score Coefficients (Eigenvectors)   
Variable PC 1 PC 2 PC 3 PC 4 
close -0.28 0.00 0.91 0.29 
open 0.53 0.70 0.29 -0.39 

down -0.52 0.72 -0.28 0.38 

up 0.61 0.00 -0.06 0.79 
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Table A5.17b 
 Principal Component Results for four channel combination [Subject 2] 

  
  
 
 
 

Descriptive Statistics       
Variable Mean Std Dev. Std Err N 
close 2946.03 931.74 208.34 20.00 
open 2858.37 1681.93 376.09 20.00 
down 2686.32 1489.74 333.12 20.00 
up 3021.40 1378.73 308.29 20.00 
Covariance Matrix       
  close open down up 
close 868133.90 517537.32 -414623.35 550223.23 
open 517537.32 2828898.68 -2223772.26 1677075.75 
down -414623.35 -2223772.26 2219334.65 -1467068.90 
up 550223.23 1677075.75 -1467068.90 1900898.99 
Explained Variance (Eigenvalues)     
Value PC 1 PC 2 PC 3 PC 4 
Eigenvalue 6120611.50 874394.29 544848.97 277411.45 
% of Var. 78.30 11.19 6.97 3.55 
Cum. % 78.30 89.48 96.45 100.00 
Component Loadings       
Variable PC 1 PC 2 PC 3 PC 4 
close 0.42 0.75 0.51 -0.04 
open 0.96 -0.16 0.11 0.20 
down -0.94 0.19 -0.06 0.27 
up 0.86 0.35 -0.38 0.01 
Component Score Coefficients (Eigenvectors)   
Variable PC 1 PC 2 PC 3 PC 4 
close 0.16 0.75 0.64 -0.07 
open 0.65 -0.30 0.26 0.65 
down -0.57 0.30 -0.12 0.76 
up 0.48 0.51 -0.71 0.04 
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Table A5.17c 
 Principal Component Results for four channel combination [Subject 3] 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Descriptive Statistics       
Variable Mean Std Dev. Std Err N 
close 1782.40 762.94 170.60 20.00 
open 2289.56 878.95 196.54 20.00 
down 2307.90 1453.21 324.95 20.00 
up 2544.94 1093.38 244.49 20.00 
Covariance Matrix       
  close open down up 
close 582071.72 357312.71 792689.89 -186420.70 
open 357312.71 772561.61 534386.07 185849.09 
down 792689.89 534386.07 2111811.54 -811195.53 
up -186420.70 185849.09 -811195.53 1195489.45 
Explained Variance (Eigenvalues)     
Value PC 1 PC 2 PC 3 PC 4 
Eigenvalue 2965294.91 1201516.73 287996.66 207126.01 
% of Var. 63.61 25.77 6.18 4.44 
Cum. % 63.61 89.38 95.56 100.00 
Component Loadings       
Variable PC 1 PC 2 PC 3 PC 4 
close 0.76 0.35 -0.02 0.54 
open 0.44 0.78 0.44 -0.12 
down 0.98 0.06 -0.16 -0.11 
up -0.62 0.74 -0.27 -0.03 
Component Score Coefficients (Eigenvectors)   
Variable PC 1 PC 2 PC 3 PC 4 
close 0.34 0.24 -0.03 0.91 
open 0.22 0.62 0.71 -0.23 
down 0.83 0.08 -0.44 -0.34 
up -0.39 0.74 -0.54 -0.07 
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Table A5.18 
Two channel analogy slope value 

cw cam cbe 
1348.8 2467.6 2825.1 
1300.5 4327.5 2420.9 
970.3 4382.8 3620.8 
1201.8 4321.5 3363.1 
1502.7 4870 3489.3 
934.4 2657.1 2534.1 
1265.2 3476.2 3930.1 
1140 1977.7 2957.1 
1499.1 4467 3693.5 
1116.8 3784.8 2932.4 
622.2 2255.7 1218.9 
1007.4 1760.1 1317.5 
527.2 2700.9 682.3 
543.1 3537.1 945.0 
1198.4 2959.3 964.6 
779.9 3259.4 4375 
1768.8 2393.7 3205.1 
880.9 4024.6 2957.1 
724.5 2182.7 3709.7 
820.0 3047.1 4126 
1036.1 2452.8 1334.8 
1065.6 4651.5 2190 
1339.6 3513 2288.8 
1519.9 3725.8 1693.1 
790.3 2814.8 1845.9 
2338 2412.6 1510.3 
1729.1 1665.8 1695.9 
1824.6 1868.4 1331.7 
1503.3 1637.1 2169.5 
2532 674.3 2340.9 
1099.7 1121.1 2145.1 
1931.2 1300.2 1414.1 
1793.5 2317.7 1181.3 
1745 1065 1062.9 
3296.1 1197.5 1013.7 
2484.6 1549.4 4286.1 
2204.7 1329.6 4171.3 
1619 1301 3631.9 
2248.8 1143.3 4571.9 
1890.9 1257.3 4899.4 
2881.7 3241 710.5 
1348.9 2522.6 1203.9 
2182.5 2440.8 768.9 
1848.6 3194.1 1382.5 
2402.9 2872.8 1200.2 
1691.6 4157.6 1719.7 
1627.2 4517.8 1218.8 
1807 5033.6 998.3 
3352.3 3982.8 1208.1 
1835.8 4373.5 1169.6 
2163.9 5659.6 1147 
1698.9 3988.6 1170.2 
1488.8 3300 1332.9 
2767.5 4945.4 1580.3 
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2221.6 4805 1097.1 
4619.7 2785.6 1560.4 
4605.1 3041.9 1560.4 
4721.8 3049.6 2872.9 
5010.1 3019.4 2508.9 
5296 3349.5 2505.2 
834.6 4018.3 822.5 
1233.3 3174.5 757.6 
944.5 4632.3 555.4 
932.3 4698.1 1590.1 
721.1 3259.7 552.4 
589.8 5069 763.8 
1389.7 3657.6 922.8 
525.2 3350 871.5 
639.4 4522.4 884.1 
973.8 4374.9 1379.9 
1068.7 3196.2 578.3 
2072.1 4015.5 706.2 
1443.8 4671.5 758.5 
1946.9 3710.7 701.4 
1631.8 5156.3 623.4 
633.7 3501.4 3731 
970.6 3677.3 3825.2 
1060 3677.3 4000.2 
810.5 3340.6 4668.2 
758.5 3563.3 4457.3 
531.7 1440.1 3179.7 
644.4 1411.5 3898.5 
678.1 1943.1 4120.2 
656.1 1424.7 3881.2 
582.2 2193.1 4438 
1563.4 1922.9 3862.4 
1786.4 1137.3 2859 
2292.6 1307.7 2954.6 
2283.6 1681.6 2667.1 
1467.2 1220.1 2427.1 
1241.4 2926.9 3631.1 
1758.8 2292.6 3948.6 
1178.4 1619.1 3583.4 
1656 2007.7 3167.2 
1482.8 1935.1 3064.5 
1116 3082.6 4439.1 
998.3 2063.8 3673.1 
824.0 4581.1 4709.6 
931.2 1965.7 4166.7 
677.8 2741.6 3567.1 
743.6 1995.6 2421.9 
660.4 2587.2 3041.6 
727.1 2023.5 2379.1 
675.3 2480.7 3564.2 
904.1 2580.8 3118.8 
1548.4 3970.5 1415.5 
1696.3 3451.4 2053.3 
1675.5 3506.2 1244.1 
1959.5 3728.7 1260.7 
1192.1 4398.8 999.2 
738.5 3302.6 628.6 
837.8 3925.4 1307.2 
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1709.6 3883.2 1292.9 
1124.9 4292.8 1377.8 
1409.2 4568.1 858.9 
3579.9 3153.9 805.1 
2817.2 3736.5 1295.3 
2281 3771.1 878.9 
3783.2 4611.5 1099.2 
4629.5 3985 1369 
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CHAPTER 6 

DEVELOPMENTS OF ELECTRONIC PROSTHETIC ELBOW 

This chapter includes design of electronics elbow based 
on the analysis performed in previous chapters.  Above-
elbow analysis was done and prototype model was 
realized.  

 

The elbow joint is made up of three bones: the humerus bone of the upper arm and the 

ulna and radius bones of the forearm. The ulna and the humerus meet at the elbow 

and form a hinge. This hinge allows the arm to straighten and bend. The large triceps 

muscle in the back of the arm attaches to the point of the ulna which when contracts, 

it straightens out the elbow. The biceps muscles in the front of the arm contracts to 

bend the elbow.  There is more than one kind of artificial elbow joint (also called 

prosthesis). The most common types are like a hinge. Elbow prosthesis has two parts 

as shown in Fig. 6.1[Online ref.17]. The humeral component replaces the lower end 

of the humerus in the upper arm. The humeral component has a long stem that 

anchors it into the hollow center of the humerus. The ulnar component replaces the 

upper end of the ulna in the lower arm. The ulnar component has a shorter metal stem 

that anchors it into the hollow center of the ulna.  

 

Fig. 6.1 Parts of mechanical artificial elbow [Online ref.17] 

 

The hinge between the two components is made of metal and plastic. The plastic part 

of the hinge is tough and slick. It allows the two pieces of the new joint to glide easily 

against each other as elbow moved. The hinge allows the elbow to bend and 

straighten smoothly. There are two different ways to hold the artificial elbow in place. 

A cemented prosthesis uses a special type of epoxy cement to glue it to the bone. An 
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uncemented prosthesis has a fine mesh of holes on the surface. Over time, the bone 

grows into the mesh, anchoring the prosthesis to the bone. Upper-arm deficient 

individuals are now widely accepting prosthetic devices employing myoelectric 

control systems. Prosthetics are quite successfully fitted to below-elbow amputees for 

controlling a single function i.e. opening and closing a prosthetic hand. The 

controlling myoelectric signal is derived from the muscles of the residual arm. In an 

investigation, the use of the orthogonal method for elbow induced wrist force 

estimation was done while arm motion is restricted to elbow extension and flexion in 

horizontal plane and under three operating conditions: isometric, isotonic and light 

load. These results are evaluated with different nonlinear basis functions. The EMG 

electrodes were attached to the bicep brachii proximal to the elbow, tricep brachii 

long head, and brachioradialis muscles [Mobasser et al., 2007]. This very work of 

Mobasser et al. encouraged that electrodes position for proper elbow movement is 

needed to be investigated at all the muscles group as per the elbow anatomy. It is not 

at all necessary that elbow movement means that the electrode site should be above 

elbow.  

In this chapter four electrode positions have been selected for discrimination of four 

movements of elbow and arm. The combination of two best electrode locations has 

been identified using principal component analysis. The prototype elbow was deigned 

utilizing SEMG acquition circuit as discussed in chapter 3. The strategies for 

operation of elbow were developed for single/two channel for two/four movements. 

The strategies thus developed have been tested on healthy subject. The single channel 

scheme has been tested on amputee also. 

 

6.1 SEMG signal analysis for elbow movement  

In the present research work, SEMG analysis for four elbow/arm movements has been 

carried out using SEMG parameters like RMS value and slope. To realize 

microcontroller based artificial elbow RMS value was chosen, as wide ranges of RMS 

to DC converters are easily available. In above-elbow amputees the multifunctional 

control of artificial prosthetic device using myoelectric signals is of major importance. 

A good prosthesis design has to take into account all the problems related with the 

interaction between human and machines. Microcontroller based artificial elbow was 

designed to carter the four selected elbow movements.  Myoelectric signals were 

recorded using Ag-AgCl surface electrodes from biceps and triceps branchii, as these 
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muscle groups are related to the elbow movements of interest i.e. elbow flexion, 

extension, pronation and supination movements. It has been an endeavor to develop 

suitable control strategies so as to provide stable and smooth operation. 

 

6.1.1 Single channel approach 

Three healthy male subjects of age 27-33 years were selected for SEMG recording. 

Location selected for the placement of the electrodes was on the upper arm. The point 

is located at above elbow thumb side as shown in the Fig. 6.2. 

 

Fig. 6.2 Selected location 

The SEMG signal is acquired in similar fashion as discussed in previous chapters for 

four movements i.e. elbow flexion, extension, pronation and supination movements. 

Parameters: RMS value (Vrms) and slope were calculated as mentioned in chapter 3. 

Total 87 trials were done from the three subjects at different time in a day. No limit 

was placed on the voluntary contraction levels. Fig. 6.3 shows the Vrms plot of all the 

repetitions done for the four specified movements. Table 6.1 shows the interpretation 

of the Vrms value for realizing a control methodology. It was observed that Vrms for 

extension mostly attained higher value than that of others. Supination and Pronation 

could not be well differentiated by the values whereas Flexion was easily 

distinguished. This analysis suggests that single location acquisition discriminates 

extension and flexion using threshold approach. Moreover, to discriminate supination 

and pronation some other suitable location is needed.  

 
Table 6.1 

Inter-relation observed for the chosen locations 
Movement Description of SEMG 
Extension Vrms value of SEMG is highest 

Flexion Vrms value is of moderate range 

Supination Lower values of SEMG 

Pronation Lower values of SEMG 

uebt 
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Fig. 6.3 SEMG-Vrms Analysis 
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6.1.2 Two channel approach 

In the present study three healthy male subjects in the age group 27-33 years were 

selected for SEMG recording. The observations were taken as per the methodology 

explained in section 3.4.  Four set of trials were conducted for analysis. They were 

stored as Trials 1- 4 as: Trial 1 and Trial 2 were from same subject 1, Trial 3 was from 

subject 2 and Trial 4 was from the subject 3. Each trial was conducted for four times 

for four chosen movements for a subject. For the SEMG analysis “Vrms” and “slope” 

were used as parameters as discussed in section 3.4. All the recorded SEMG were 

taken of same duration. The study was carried out to find out the muscles segments; 

firstly, muscles act to flex at the elbow, secondly muscles act to extend at the elbow, 

thirdly muscles that act to pronate and finally muscles act to supinate. Anatomy of 

elbow muscles helped in identifying the muscles groups for the four selected 

movements. The selected elbow joint movements were: 

• Flexion (u): bending at the elbow 

• Extension (d): straightening at the elbow 

• Pronation (p):  moving the arm in a palms down position 

• Supination (s): moving the arm in a palms up position 

Using the anatomy of active muscles helped in finding the location for the placement 

of electrodes. Along with these locations, two acupressure points near the elbow joint 

were also selected for the placement of electrode on left arm as shown in Table 6.2 

and Fig. 6.4.  

Table 6.2 
Selective pressure points on human arm 

Description Figure 
Location: On the side of the elbow, on the outer side of 

the arm. Bend forearm with hand towards neck, the point 

is located at the end of the crease at the elbow. This is 

halfway up the side of the arm. 
 

Location: On the upper arm, one hand width under 

the armpit. The point is located in the depression 

between the muscles from the shoulder and the biceps 

(under the shoulder muscle).  
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For SEMG analysis following combinations of 2-chennels (electrode positions)were 

selected and are shown in Fig. 6.4: 

1. Combination I- above the elbow thumb side (uebt) and  below the elbow thumb side (bebt) 

2. Combination II- “uebt” and below the elbow little finger side (beblf) 

3. Combination III- “ uebt” and above the elbow little finger side (ueblf) 

In the three selected combinations, location “uebt (above the elbow thumb side)” was 

kept common as posterior side muscles are always in action in all the four chosen 

movements. This location is very much close to pressure points as mentioned in Table 

6.1. Similarly “bebt(below the elbow thumb side)” is closer to the pressure points.  

 

Fig. 6.4 Selective locations near elbow for analysis 

 
Study has been carried out to find the best combination of electrode position from 

where one can distinguish the four chosen movements and to explore the inter 

variation/relation of SEMG at all the four chosen locations. Left channel (0) was 

always kept at “uebt (above the elbow thumb side)” in all the three chosen 

combinations. Only the right channel (1) was kept varied at different locations 

and selected as: 

• For Combination-I, at “bebt(below the elbow thumb side)”.  

• For Combination-II, at “beblf(below the elbow little finger side)”.  

• For Combination-III, at “ueblf (above the elbow little finger side)”.   

Table A6.1a (appendix) shows Vrms values and Table A6.1b(appendix) shows slope 

values from each channel for extension movement respectively. Fig. 6.5(a) shows the 

plot of Vrms values and Fig. 6.5(b) shows plot of slope values, where combinations 

were represented by right channel only for proper representation. For extension 

movement Combination I and II, channel 0 (uebt; above the elbow thumb side; yellow 

line) has higher Vrms and slope values than their channel 1. Combination III was not 

giving any differentiation. Hence, both Combination I and II can be good locations 

for the movement extension. On a secondary outlook, comparison of SEMG of all 

the four location “ueblf” was apparently dominating over “bebt(below the elbow 

thumb side)” and “beblf(below the elbow little finger side)”. Similarly, Vrms values 

uebt 

bebt ueblf 

beblf 
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were recorded for flexion movement as shown in Table A6.2a and Table A6.2b 

(appendix). Fig. 6.6(a) and (b) shows the plots of Vrms and slope values of each 

combination where these values for different combinations do not show a definite 

pattern, so it was difficult to identify the flexion movement from the chosen 

combinations. 

Again, the Vrms and slope values were calculated for pronation movement as shown in 

Table A6.3a and Table A6.3b (appendix) respectively. Fig. 6.7(a) and (b) shows the 

plots. In Combination II, the channel 0(uebt; above the elbow thumb side; yellow 

line) acquires the higher values than its channel 1(beblf; below the elbow little finger 

side; pink line). In other combinations, Vrms and slope values couldn’t interpretate this 

movement. Hence, combination II can be good location for the movement 

pronation. Comparing all the four, “uebt(above the elbow thumb side)” 

dominated the others.  

Lastly, again both the values were recorded for supination movement as shown in 

Table A6.4a and Table A6.4b (appendix) respectively. Fig. 6.8 shows the plots. In 

combination II the channel 1(beblf; below the elbow little finger side; pink line) 

acquires the higher values than its channel 0 (uebt; above the elbow thumb side; 

yellow line) which is just opposite result that of other movements as discussed above. 

Vrms and slope values in other channels couldn’t interpretate the supination 

movement. Hence, again combination II can be good location for the movement 

supination. Table 6.3 gives the outcome of the above investigation, which gives 

SEMG for elbow movement considering the Vrms and slope values from all the 

locations as shown in Fig. 6.5-6.8.  

Table 6.3 
Inter-relation observed for the chosen locations 

Movement Description of SEMG 

Extension “ueblf(above the elbow little finger side)” generates stronger SEMG signal than “bebt(below 

the elbow thumb side)” and “beblf(below the elbow little finger side)”. “uebt(above the 

elbow thumb side)” generates same as of “ueblf(above the elbow little finger side)” 

Flexion  All location generate about same SEMG signals 

Pronation “uebt(above the elbow thumb side)” generates stronger than “ueblf(above the elbow little 

finger side)” and “ueblf(above the elbow little finger side)” generates stronger than 

“beblf(below the elbow little finger side)” 

Supination  “beblf(below the elbow little finger side)” generates much stronger than other three 

locations 
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Fig.6.5 (a) Extension plots using Vrms values 
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Fig.6.5 (b) Extension plots using slope values 
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Fig. 6.6(a) Flexion plots using Vrms values 
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Flexion using "slope"
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Fig. 6.6(b) Flexion plots using slope values 
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Fig. 6.7(a) Pronation plots using Vrms values 
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Fig. 6.7(b) Pronation plots using slope values 
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Fig. 6.8(a) Supination plots using Vrms values 

  

Supination using "slope"
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 Fig. 6.8(b) Supination plots using slope values 

 
 

In the present investigation, Combination II was found to be the best 

combination where maximum movements can be realized as two channel system. 

For the interpretation of all the four chosen movements, there is a need of 

control methodology which enables the proper interpretation of elbow 

movement. Both the parameters behaved in the same manner and could be 

considered for control methodology for prosthetic devices. Combination II is 

locations above elbow thumb side (uebt) and below elbow little finger side 

(beblf).  So for the selected four movements considering above elbow points (i.e. 

uebt and ueblf) will not prototype multifunctional elbow as per the investigation. 

Combination I which represents pressure points again observed to be the second 

preference in the investigation. 
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6.1.3 Principal component analysis for suitable locations for elbow movements 
 
After obtaining the best combination of electrode placement through observation in 

the last section, Principal component analysis has been used for validation of our 

observations i.e. verification of Table 6.3. The three chosen combinations for the 

detection of elbow movement were analyzed using PCA. Table A6.5a and Table 

A6.5b (appendix) represents the rearranged data from all the subjects collectively both 

for Vrms and slope values respectively. For each movement, the recordings from 

“uebt(above the elbow thumb side)” are grouped together with the other locations i.e. 

left and right channel values are grouped together.  For extension, combination I was 

converted into “bebtd”, for flexion into “bebtu”, for pronation/supination as “bebtp” 

and “bebts” respectively. Similarly, other combinations were transformed. This is 

done to check the two channel variations w.r.t. movements.   

Table 6.3 presents the visual outcome of the two channel system for depicting the four 

selected elbow movement. For the validity of the table PCA was done were the data 

were grouped for the comparison of which two channel combination is the best. In 

Table A6.5 (appendix) “bebt” represents the Combination I. Similarly “beblf(below 

the elbow little finger side)”, “ueblf(above the elbow little finger side)” represents 

Combination II and Combination III respectively and last letter is for the 

representation of movement. PCA results were shown in Table A6.9-A6.12 

(appendix) individually, for each movement. Each movement was displayed by the 

PCA score plot as shown in Fig. 6.9-6.12. Again two principal components (PC1 and 

PC2) were found to be sufficient for the interpretation. Component loading 

contributions of each variables to component one i.e. PC1 helped in deciding which 

combination is the best. Component loading contribution to PC1 for extension of 

“bebtd” is 0.91366, “beblfd” is 0.95068 and “ueblfd” is -0.14652 as per Table 6.4a. 

Combination “beblf (below the elbow little finger side)” or “combination-II” 

takes the advantage. Here, “bebt(below the elbow thumb side)” also shows the 

promising variation and could be selected.  

In Table 6.5a the contributions of “bebtu” is -0.81084, “beblfu” is 0.66412 and 

“ueblfu” is -0.73212 for flexion. Now, location “bebt(below the elbow thumb side)” 

contribute 80% but location “beblf(below the elbow little finger side)” showed least 

variation. Similarly, in Table 6.6a the contributions of “bebtp” is 0.66765, “beblfp” is 

0.89921 and “ueblfp” is -0.40954 for pronation. Clearly, location “beblf (below the 
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elbow little finger side)” is most suitable.  In Table 6.7a the contributions of “bebts” 

is 0.05952, “beblfs” is 0.99982 and “ueblfs” is 0.26939 for supination. Again, best 

location is “beblf (below the elbow little finger side)”. Hence, statistically, 

Combination II is the most dominant location for two channel system for two 

channel elbow prosthetics considering the Vrms values. 

  
Table 6.4(a) 

Principal component results for extension using Vrms values 
Descriptive Statistics     
Variable Mean Std Dev. Std Err 
bebtd 0.06433 0.04425 0.00718 
beblfd 0.07787 0.05021 0.00814 
ueblfd 0.07135 0.02750 0.00446 
Covariance Matrix     
  bebtd beblfd ueblfd 
bebtd 0.00196 0.00165 -0.00020 
beblfd 0.00165 0.00252 -0.00010 
ueblfd -0.00020 -0.00010 0.00076 
Explained Variance (Eigenvalues) 
Value PC 1 PC 2 PC 3 
Eigenvalue 0.00393 0.00078 0.00053 
% of Var. 75.04912 14.86546 10.08542 
Cum. % 75.04912 89.91458 100.00000 
Component Loadings   
Variable PC 1 PC 2 PC 3 
bebtd 0.91366 -0.15563 0.37551 
beblfd 0.95068 0.15963 -0.26596 
ueblfd -0.14652 0.93876 0.31187 
Component Score Coefficients (Eigenvectors) 
Variable PC 1 PC 2 PC 3 
bebtd 0.64503 -0.24687 0.72318 
beblfd 0.76145 0.28727 -0.58110 
ueblfd -0.06429 0.92549 0.37328 
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Principal Component Plot
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Fig. 6.9(a) PCA plot for extension using Vrms values 
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Table 6.4(b) 
Principal component results for extension using Slope values 

Descriptive Statistics  
Variable Mean Std Dev. Std Err 
beblfd 1306.161 903.507 146.568 
bebtd 985.805 749.504 121.586 
ueblfd 1249.299 390.712 63.382 
Covariance Matrix  
  beblfd bebtd ueblfd 
beblfd 816324.864 549251.385 -37392.365 
bebtd 549251.385 561756.804 -57722.702 
ueblfd -37392.365 -57722.702 152655.891 
Explained Variance (Eigenvalues)  
Value PC 1 PC 2 PC 3 
Eigenvalue 1256698.275 161877.826 112161.457 
% of Var. 82.098 10.575 7.327 
Cum. % 82.098 92.673 100.000 
Component Loadings  
Variable PC 1 PC 2 PC 3 
beblfd 0.969 0.160 -0.190 
bebtd 0.930 -0.198 0.308 
ueblfd -0.169 0.883 0.439 
Component Score Coefficients (Eigenvectors)  
Variable PC 1 PC 2 PC 3 
beblfd 0.781 0.359 -0.511 
bebtd 0.622 -0.370 0.690 
ueblfd -0.059 0.857 0.512 
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Fig. 6.9(b) PCA plot for extension using slope values 
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Table 6.5(a) 
Principal component results for flexion using Vrms values 

Descriptive Statistics   
Variable Mean Std Dev. Std Err 
bebtu 0.08142 0.02565 0.00416 
beblfu 0.07281 0.02634 0.00427 
ueblfu 0.05755 0.02128 0.00345 
Covariance Matrix     
  bebtu beblfu ueblfu 
bebtu 0.00066 -0.00014 0.00028 
beblfu -0.00014 0.00069 -0.00014 
ueblfu 0.00028 -0.00014 0.00045 
Explained Variance (Eigenvalues) 
Value PC 1 PC 2 PC 3 
Eigenvalue 0.00098 0.00057 0.00026 
% of Var. 54.37937 31.46028 14.16034 
Cum. % 54.37937 85.83966 100.00000 
Component Loadings   
Variable PC 1 PC 2 PC 3 
bebtu -0.81084 0.47753 -0.33837 
beblfu 0.66412 0.74529 0.05900 
ueblfu -0.73212 0.26722 0.62658 
Component Score Coefficients (Eigenvectors) 
Variable PC 1 PC 2 PC 3 
bebtu -0.66397 0.51410 -0.54299 
beblfu 0.55839 0.82386 0.09722 
ueblfu -0.49733 0.23865 0.83409 
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Fig. 6.10(a) PCA plot for flexion using Vrms values  



 6-16

Table 6.5(b) 
Principal component results for flexion using slope values 

Descriptive Statistics  
Variable Mean Std Dev. Std Err 
beblfu 1093.850 372.559 60.437 
bebtu 1017.528 393.032 63.758 
ueblfu 1021.427 432.007 70.081 
Covariance Matrix  
  beblfu bebtu ueblfu 
beblfu 138800.231 55627.010 522.561 
bebtu 55627.010 154473.885 50922.537 
ueblfu 522.561 50922.537 186629.637 
Explained Variance (Eigenvalues)  
Value PC 1 PC 2 PC 3 
Eigenvalue 237454.703 163404.400 79044.649 
% of Var. 49.480 34.049 16.471 
Cum. % 49.480 83.529 100.000 
Component Loadings  
Variable PC 1 PC 2 PC 3 
beblfu 0.487 -0.726 0.485 
bebtu 0.811 -0.311 -0.496 
ueblfu 0.743 0.635 0.212 
Component Score Coefficients (Eigenvectors)  
Variable PC 1 PC 2 PC 3 
beblfu 0.372 -0.670 0.643 
bebtu 0.654 -0.303 -0.694 
ueblfu 0.659 0.678 0.325 
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Fig. 6.10(b) PCA plot for flexion using slope values 
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Table 6.6(a) 
Principal component results for pronation using Vrms values 

Descriptive Statistics   
Variable Mean Std Dev. Std Err 
bebtp 0.05194 0.01589 0.00258 
beblfp 0.05077 0.02279 0.00370 
ueblfp 0.05755 0.02128 0.00345 
Covariance Matrix     
  bebts beblfs ueblfs 
bebtp 0.00025 0.00015 -0.00008 
beblfp 0.00015 0.00052 -0.00003 
ueblfp -0.00008 -0.00003 0.00045 
Explained Variance (Eigenvalues) 
Value PC 1 PC 2 PC 3 
Eigenvalue 0.00061 0.00045 0.00017 
% of Var. 49.67827 36.36476 13.95697 
Cum. % 49.67827 86.04303 100.00000 
Component Loadings   
Variable PC 1 PC 2 PC 3 
bebtp 0.66765 -0.06216 0.74188 
beblfp 0.89921 0.38098 -0.21510 
ueblfp -0.40954 0.90261 0.13257 
Component Score Coefficients (Eigenvectors) 
Variable PC 1 PC 2 PC 3 
bebtp 0.43007 -0.04680 0.90158 
beblfp 0.83077 0.41140 -0.37493 
ueblfp -0.35336 0.91025 0.21581 
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Fig. 6.11(a) PCA plot for pronation using Vrms values  
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Table 6.6(b) 
Principal component results for pronation using slope values 

Descriptive Statistics  
Variable Mean Std Dev. Std Err 
beblfp 784.193 412.309 66.885 
bebtp 794.257 259.984 42.175 
ueblfp 886.974 384.155 62.318 
Covariance Matrix  
  beblfp bebtp ueblfp 
beblfp 169998.424 55909.141 -21862.201 
bebtp 55909.141 67591.915 -11261.166 
ueblfp -21862.201 -11261.166 147574.789 
Explained Variance (Eigenvalues)  
Value PC 1 PC 2 PC 3 
Eigenvalue 205087.066 137118.188 42959.874 
% of Var. 53.247 35.600 11.154 
Cum. % 53.247 88.846 100.000 
Component Loadings  
Variable PC 1 PC 2 PC 3 
beblfp 0.923 0.328 -0.201 
bebtp 0.651 0.206 0.730 
ueblfp -0.463 0.886 0.008 
Component Score Coefficients (Eigenvectors)  
Variable PC 1 PC 2 PC 3 
beblfp 0.840 0.365 -0.401 
bebtp 0.374 0.145 0.916 
ueblfp -0.393 0.920 0.015 
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Table 6.7(a) 
Principal component results for supination using Vrms values 

Descriptive Statistics   
Variable Mean Std Dev. Std Err 
bebts 0.04850 0.01609 0.00261 
beblfs 0.09912 0.04323 0.00701 
ueblfs 0.04659 0.01159 0.00188 
Covariance Matrix     
  bebtp beblfp ueblfp 
bebts 0.00026 0.00004 -0.00003 
beblfs 0.00004 0.00187 0.00013 
ueblfs -0.00003 0.00013 0.00013 
Explained Variance (Eigenvalues) 
Value PC 1 PC 2 PC 3 
Eigenvalue 0.00188 0.00027 0.00012 
% of Var. 83.05937 11.76359 5.17704 
Cum. % 83.05937 94.82296 100.00000 
Component Loadings   
Variable PC 1 PC 2 PC 3 
bebts 0.05952 0.98592 0.15629 
beblfs 0.99982 -0.00177 -0.01883 
ueblfs 0.26939 -0.32839 0.90531 
Component Score Coefficients (Eigenvectors) 
Variable PC 1 PC 2 PC 3 
bebts 0.02209 0.97238 0.23235 
beblfs 0.99716 -0.00468 -0.07521 
ueblfs 0.07204 -0.23335 0.96972 
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Fig. 6.12(a) PCA plot for supination using Vrms values 
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Table 6.7(b) 
Principal component results for supination using slope values 

Descriptive Statistics   
Variable Mean Std Dev. Std Err 
beblfs 1498.818 724.602 117.546 
bebts 749.825 344.044 55.811 
ueblfs 668.853 192.876 31.289 
Covariance Matrix   
  beblfs bebts ueblfs 
beblfs 525048.598 -13955.522 42333.880 
bebts -13955.522 118366.163 -8867.210 
ueblfs 42333.880 -8867.210 37201.294 
Explained Variance (Eigenvalues)  
Value PC 1 PC 2 PC 3 
Eigenvalue 529218.549 118528.196 32869.310 
% of Var. 77.756 17.415 4.829 
Cum. % 77.756 95.171 100.000 
Component Loadings 
Variable PC 1 PC 2 PC 3 
beblfs 1.000 0.020 -0.021 
bebts -0.075 0.996 0.047 
ueblfs 0.326 -0.154 0.933 
Component Score Coefficients (Eigenvectors)  
Variable PC 1 PC 2 PC 3 
beblfs 0.996 0.043 -0.083 
bebts -0.036 0.995 0.089 
ueblfs 0.086 -0.086 0.993 
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Fig. 6.12(b) PCA plot for supination using slope values 
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A similar outcome was observed considering slope values. Component loading 

contribution to PC1 of “beblfd” is 0.969, “bebtd” is 0.930 and “ueblfd” is -0.169 for 

extension as per Table 6.4b. Both “combination-I” and “combination-II” takes the 

advantage. In Table 6.5b the contributions of “beblfu” is 0.487, “bebtu” is 0.811 and 

“ueblfu” is 0.743 for flexion. Now, location “bebt (below the elbow thumb side)” 

contribute 80% but location “beblf (below the elbow little finger side)” showed least 

variation. Similarly, in Table 6.6b the contributions of “beblfp” 0.923, “bebtp” is 

0.651 and “ueblfp” is -0.463 for pronation. Clearly, location “beblf (below the 

elbow little finger side)” is most suitable.  In Table 6.7b the contributions of 

“beblfs” is 1.000, “bebts” is -0.075 and “ueblfs” is 0.326 for supination. Again best 

location is “beblf (below the elbow little finger side)”.  
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 Fig. 6.13 PCA plot for comparing combination II and III 

 

Again, it is concluded, Combination II is the best location for two channel elbow 

prosthetics. The next preferable combination is observed to be combination I 

which are acupressure points. The analysis of elbow movement suggested that 

combination II is the best which has one location at “uebt (above elbow thumb 

side)” and other at “beblf (below elbow little finger side)”. The result can be very 

helpful for exoskeleton type of elbow design but upper elbow amputees are not 

having the advantage of location “beblf (below the elbow little finger side)”.  

This becomes important that combination III, which have both the points available for 

above elbow prosthesis needed to be compared with combination II. Table A6.6 
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shows the result of PCA for comparing the two locations i.e. combination II and 

combination III for the four chosen movements. Fig. 6.13 shows the related 

component loading. From the Fig.6.13 it was observed that the variations in the 

dataset of combination II is much more appealing for discriminating movements. 

Extension and supination are the most easier to discriminate in comparison to other 

movements. Combination III was found to be not proper combination for the elbow 

prosthesis and would be able to discriminate at the most two movements.  

 
Table 6.8 

Behavior observed of SEMG parameters (chosen) related to selected movements 
Movement  Channel 0 [uebt(above the 

elbow thumb side)] 
Channel 1[beblf(below the elbow 
little finger side)] 

Extension High Vrms/slope values Don’t care 

Flexion Low Vrms/slope values Low/ Moderate Vrms/slope values 

Pronation Moderate Vrms/slope values Moderate Vrms/slope values 

Supination Moderate Vrms/slope values High Vrms/slope values 

  
Table 6.8 was an attempt to define the values of the two chosen parameters for the 

two channel methodology. This will help in deciding the levels of threshold during the 

microcontrolled prosthetic applications. All the four movements were well 

discriminated using combination II. Another aspect of the discussion was to observe 

the selected acupressure points. The selected pressure points were covered under 

combination I which was found to be the second best location for the chosen 

movements.  
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6.2 Prototype elbow design 

The elbow joint allows two main different movements: 

•  The hinge-like bending and straightening of the elbow (flexion and extension) 

happens at the articulation (“joint”) between the humerus and the ulna.  

•  The complex action of turning the forearm over (pronation or supination) 

happens at the articulation between the radius and the ulna (this movement 

also occurs at the wrist joint).  

In the anatomical position (with the forearm supine), the radius and ulna lie parallel to 

each other. During pronation, the ulna remains fixed, and the radius rolls around it at 

both the wrist and the elbow joints. In the prone position, the radius and ulna appear 

crossed [Casolo et al., 2008].  The different prostheses developed by the main 

prosthetic societies: UTAH, OTTO BOCK and PROTEOR concentrate 90% of the 

market. Three kinds of mechanical elbow products are currently offered to the 

patients. The first is the elbow with toothed rack, which is released thanks to a 

pushbutton actuated by the valid hand or by a cable. Many drawbacks are attached to 

this mechanical elbow: noise of the toothed rack, the limited number of positions of 

the front arm and the bad aesthetic of the pushbutton. The second elbow is the elbow 

with friction, which moves thanks to the friction of a spiral spring on the axis of the 

elbow. A cable ordered by the other shoulder actuates blocking: one traction locks it, 

another unbolts it. It is more functional than the previous one, but maintains the 

position less firmly. In addition, it needs a double order from the amputee, which is 

not always easy to carry out. Lastly, there is an automatic elbow from OTTO BOCK. 

The front arm is manufactured out of plastic and is not very solid. Its distal part (near 

to the wrist) is cylindrical and is simply cut to the length of the healthy member. 

Unfortunately, prosthetic arm will not resemble to the healthy member. The 

consequences of the Viet Nam war were at the origin of the development of the 

UTAH products. This society was the first to propose the SEMG technology to 

control the prosthesis. The OTTO BOCK society also proposes prosthesis of hand 

coupled with a myoelectric elbow. Unfortunately, the whole system proposed by this 

society is too expensive for patient [Artigue et al., 2009]. A parallel engineering 

mission to develop a humanoid can be of great help in developing prosthetic 

structures. A humanoid robot should have humanlike appearance, dexterity and 

manipulation. These requirements lead to a complex design process and a design 

which has to be highly spatially integrated as well as functionally integrated. ARMAR 
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III is the current Humanoid Robot. The elbow joint of ARMAR III has two degrees of 

freedom. Thus bending as well as a rotation of the forearm is possible [Albers et al., 

2006].  

In this work the same concept was adopted to realize the mechanical structure as 

shown in Fig. 6.14. The elbow joint has two degrees of freedom. Thus, bending as 

well as a rotation of the forearm is possible. The present microcontroller based 

prototype elbow is aimed at improving the functionality of the myoelectric prostheses 

using cost effective technologies. Two small dc geared motors of 12 volts,10 rpm 

were used for the two movements as shown in Fig. 6.14b. Elbow motor will perform 

extension and flexion whereas wrist motor will perform supination and pronation. The 

required elbow movement is less than 180 degree movement so each motor is made 

position controlled using limit switches to have the desired range of movement. 

SEMG is sensed by electrode, amplified, filtered, converted to DC voltage by RMS to 

DC converter and then converted to digital 8 bit data by ADC which was acquired by 

microcontroller in its register. The basic building block and photograph of 

experimental setup of the prototype is shown in Fig. 6.14a. 

 

 

(a)

E
le

ct
ro

d
es

 

SEMG 
Amplifier 

Peak  
Filter 

RMS to DC 
Converter 

AD536 

 

 
Analog  
i/p  

 
ADC 
0809 

 

 
 

µC 
89s52 

 

 

H-bridge 
Driver  

H-bridge 
Driver 

Elbow 
Motor  

Arm  
Motor  

Motion Limiter 
via Limit switches 

 
 
Softscope/ MATLAB 
 
 
 
 
 
 
 
 
SEMG Amplifier with 
peak filter and AD536 
 
 
Electrodes  

Battery 
 
 
 
Microcontroller 
and ADC 0809 
 
 
 
Mechanical 
structure for 
elbow 



 6-25

      

 

(b) 

Fig. 6.14(a) Block diagram and photograph of prototype elbow (b) Prototype 

artificial elbow with solid-works model 

 

The AD536A computes the true root-mean-square level of a complex ac (or ac plus 

dc) input signal and gives an equivalent dc output level which is generated by the 

peak filter. The true RMS value of a waveform is a more useful quantity than the 

average rectified value, since it relates directly to the power of the signal [Annexure 

2]. The output of the AD536 was given to ADC 0809 interfaced to microcontroller. In 

this research work microcontroller 89s52 was used [Annexure 3]. As per the datasheet 

of the AD 536 a low-pass filter formed by internal resistance and the externally 

connected capacitor, CAV. The time constant must be kept much greater than the 

longest period of the input signal to get effective average. The only external 

component required is the capacitor which sets the averaging period. The averaging 

time constant should be at least ten times the signal period. For example, a 100 Hz 

pulse rate requires a 100 ms time constant, which corresponds to a 4 µF capacitor 

(time constant = 25 ms per µF). 

For the present investigation, SEMG RMS to DC conversion was done by using the 

4.7 microfarad capacitor value.  Large value of CAV helped in controlling the ripple in 

the DC output. The primary disadvantage in using a large CAV to remove ripple is that 
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ADC working this helps as a holding circuit. SEMG peaks are fast moving so this 

feature of increased settling time was proved to be advantageous. 

 

Fig. 6.15 AD 536, Vrms to DC voltage circuit arrangement [Datasheet AD536] 

Analogue-to-digital converter (ADC 0809) was used to interface through a 

microcontroller 89s52 to convert analogue signal received from AD536 into digital 

format. The circuit of A-to-D converter shown in the Fig. 6.16 is in free-running 

mode i.e. avoiding the use of a microcontroller. The ADC 0809 is an 8-bit A-to-D 

converter, having data lines D0-D7. It works on the principle of successive 

approximation. It has a total of eight analogue input channels, out of which any one 

can be selected using address lines A, B and C. Here, in this investigation, input 

channel IN0 and input channel IN1 were selected by connecting A, B and C address 

lines as shown in Table 6.9. Usually the control signals EOC (end of conversion), SC 

(start conversion), ALE (address latch enable) and OE (output enable) are interfaced 

by means of a microcontroller. However, the circuit shown here was built to operate 

in its continuous mode. Therefore, the input control signals ALE and OE, being 

active-high, were tied to Vcc (+5 volts). The input control signal SC being active-low 

initiate start of conversion at falling edge of the pulse. The output signal EOC 

becomes high after completion of digitization. This EOC output is coupled to SC 

input, where falling edge of EOC output acts as SC input to direct the ADC to start 

the conversion. As the conversion starts, EOC signal goes high. At next clock pulse 

EOC output again goes low and hence SC is enabled to start the next conversion. 

Thus, it provides continuous 8-bit digital output corresponding to instantaneous value 
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of analogue input from AD536. The maximum level of analogue input voltage was 

scaled down below positive reference (+5V) level using Vref  of ADC 0809. This was 

done by using a potentiometer. This very control was used to full scale the maximum 

SEMG signal manually. The ADC 0809 was operated by clock signal which was 

derived from an astable multivibrator constructed using 555 timer IC. In order to 

visualize the digital output, the row of eight LEDs (LED1 through LED8) were used, 

where in each LED is connected to respective data lines D0 through D7. The same 

were connected to Port 0 of microcontroller 89s52 in parallel. Since ADC was 

working in the continuous mode, it displayed digital output as soon as analogue input 

was applied which is SEMG signal in DC form from AD536.  

 

Fig. 6.16 Schematic diagram for the ADC0809 

AT89S52 is a low power, high-performance CMOS 8-bit microcontroller with 8K 

bytes of in-system programmable flash memory. The device is manufactured using 

ATMEL’s high-density nonvolatile memory technology and is compatible with the 

industry- standard 80C51 instruction set and pin out. The on-chip flash allows the 

program memory to be reprogrammed in-system or by a conventional nonvolatile 

memory programmer. By combining a versatile 8-bit CPU with in-system 

programmable flash on a monolithic chip, the Atmel 89S52 is a powerful 

microcontroller, which provides a highly flexible and cost- effective solution to many 
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embedded control applications. If the value stored in the register of microcontroller is 

greater than a predefined threshold value then the driver subroutine is called for 

movement. The driver subroutine checks the SEMG value and then sends the control 

bit to enable the H-bridge motor operation. Controlling the DC motor is done using 

the principle of the H-bridge.   

Connections of microcontroller:-  

Port P1 and P2.1 were programmed to work as input whereas Port P2.2 and Port P2.3 

were programmed to work as output ports.  

P1 was connected to data line of ADC0809.  

P2.1 is used to check the limit switches for flexion-extension. 

P2.2 and P2.3 were connected to motor driver h-bridge circuit for elbow movement.  

P2.4 is used to check the limit switches for pronation-supination. 

P2.5 and P2.6 were connected to motor drive h-bridge circuit for wrist movement.  

P2.7 was used to select analog input channel of ADC. Channel selection was done by 

ADDA, ADDB and ADDC of ADC. ADDA is connected to P2.7 while other to were 

grounded as Table 6.9.  

Table 6.9 
Analog channel selection 

Selected analog channel Address line  
C B A 

IN0 L L L 
IN1 L L H 
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6.3 Control methodology for elbow movement 

A prosthesis control system based on microcontroller hardware has been described 

whereby control of an artificial elbow for above-elbow amputees is prototyped. The 

design employs running RMS identification techniques for single parameter 

discrimination. With proper synchronizing of the arm position and the muscle 

contraction the specific sequence of movements are achieved successfully. The user is 

required to be trained to contract the muscle group where electrodes are placed. The 

user must also understand the force level to be exerted. After few repetitions the user 

gets used to the prototype. For single channel methodology location selected was 

“uebt(above the elbow thumb side)” and for two channel methodology locations 

selected were “uebt(above the elbow thumb side)” and “beblf(below the elbow little 

finger side)” as discussed in section 6.1. Although, the development of externally 

powered upper-limb prostheses has been an engineering challenge and the effort has a 

significant payoff. Advantage of the design presented is microcontroller based elbow 

prototype actuator being the SEMG signal. The current system had the features that 

would be feasible for any improvements to control and enhancement.  

 

6.3.1 Methodology for single channel prosthetic elbow 

Fig. 6.17 (a) shows the block diagram for signal channel and two movements. SEMG 

signal was acquired from location as shown in Fig. 6.4. The acquired SEMG was 

converted to 8-bit digital data by the ADC and stored in register R7 of 

microcontroller.  The microcontroller was programmed as per the flowchart shown in 

Fig. 6.17 (b). Multi- threshold values were kept. If R7 value goes greater than 6Fh 

then controller make the prototype to extend and if between 0Fh and 6Fh then makes 

it to flex.   User needs little training to exert force during extension. Success rate is 

shown via operation Table 6.10. Each movement was done after confirming SEMG 

signals on softscope-MATLB. Degree of operation can be increased by enhancing the 

programming of microcontroller for all the four movement.  

Fig. 6.18 (a) shows the block diagram for single channel four movements using the 

concept of strategic triggering. R7 was loaded first time to perform extension or 

flexion and then microcontroller waits for second contraction. Again R7 was loaded 

with new value of SEMG to decide upon pronation and supination as described by 

flow chart shown in Fig. 6.18(b). User is made to understand the force level to be 

exerted to achieve the specific movement. The success rate is shown via Table 6.11 



 6-30

but a compromise had to be made considering the natural movement. Pronation and 

supination were achieved purely in robotic nature. This specific prosthetic action can 

be very good for the applications of pick and place jobs.   

(a) 

b) 

Fig. 6.17 (a) Block diagram for single channel two movements approach (b) 
Flowchart for Microcontroller programming 

 
Table 6.10 

Testing of the prototype (single channel-two movement) 
Controller response Intended movement No. of trials 
True  False 

Success 
percentage 

Extension 25 24 01 96% 

Flexion 25 25 Nil 100% 
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(a) 

(b) 
Fig. 6.18 (a) Block diagram for single channel four movements approach (b) 

Flowchart for Microcontroller programming 
 

Table 6.11 
Testing of the prototype (single channel-four movement) 

Controller response  Intended movement No. of trials 

True False 

Success 
percentage 

Extension  25 23 02 92% 

Flexion 25 24 01 96% 

Pronation-Supination 25 25 Nil 100% 

Microcontroller with the program for single channel-four movements was placed in ZIF 
connector. Electrode was placed and the SEMG signals were observed on softscope –
MATLAB. Arm movement performed. SEMG were observed on the LED array. Vref of 
ADC was set accordingly to have full scale LED glow. 
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6.3.2 Methodology for two channel prosthetic elbow 
 
Table 6.3 concludes the two channel approach which helps in deciding the threshold 

levels for performing the movements. Fig. 6.19 (a) shows the block diagram. The two 

sets of electrodes and acquisition circuits were used with ADC running its two analog 

channels and storing their data in register R7 and R6. Flow chart as shown in Fig. 

6.19 (b) narrates the sequence of movement for achieving two movements i.e. 

extension and flexion. Again the success rate is shown in Table 6.12. This very 

methodology has no advantage over single channel two movements but increased 

complexity of wrapping two electrode sets.  

(a) 

(b) 

Fig. 6.19(a) Block diagram for two channel two movements approach (b) 
Flowchart for Microcontroller programming 
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ADC analog input 0 was selected and SEMG value from ADC was stored in register R7. 
Then select analog input 1 and store the ADC value in register R6 
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Is value in R7 is greater 
than #8fH 

 Yes 

Is value in R6 is greater 
than #2fH 

 

Yes Elbow motor moved 
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Microcontroller with the program for two channel-two movements was placed in ZIF 
connector. Electrode was placed and the SEMG signals were observed on softscope –
MATLAB. Movements performed. SEMG were observed on the LED array. Vref of ADC 
was set accordingly to have full scale LED glow. 

 

No 

No 
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Table 6.12 
Testing of the prototype (two channel-two movement) 

Controller response  Intended movement No. of trials 

True False 

Success 
percentage 

Extension 25 25 Nil 100% 

Flexion 25 24 01 96% 

 
To distinguish all the four movement with ease two channel four movement 

approaches were selected. Figure 6.20(a) shows two channel control of elbow where 

both the channel were stored in two different registers R6 and R7 of 89s52. 

Comparison of two was used to trigger the H-bridge circuit as depicted in the 

flowchart of Fig. 6.20(b). In Fig.6.5-6.8 or Table 6.8, the variation of Vrms for 

extension (d) and flexion (u) are reciprocal in nature i.e. channel 0 goes low then 

channel 1 goes high. Similarly, for pronation (p) and supination (s) the variation is the 

same but if pronation is compared to extension or supination is compared to flexion 

then differentiation is a problem. Accordingly the level control was derives as: 

• R7 value is more than #8fH then extension will be realized. For this user is 

required to exert maximum force while performing extension movement at his 

elbow.  

• R7 value is between #6fH and #8fH and R6 value is greater than #6fH then 

supination is performed by prototype elbow. For this user needs to understand 

the force exertion level while performing supination at his elbow. This 

requires lot of training. 

• R7 value is between #6fH and #8fH and R6 value is between #2fH and #6fH 

then pronation is performed by prototype elbow. Again user needs to be 

trained to overcome the malfunction. 

• R7 value is between #2fH and #6fH then flexion of prototype elbow takes 

place. User needs to exert low force. 

The success rate is shown by Table 6.20. This very methodology is an attempt to give 

the prototype movement natural look but is complicated in performance and control 

for the user. 
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(a) 
                                           

 (b) 

Fig. 6.20 (a) Block diagram for two channel four movements approach (b) 
Flowchart for Microcontroller programming 
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Table 6.13 
Testing of the prototype (two channel-four movement) 

Controller response  Intended movement No. of trials 

True False 

Success 
percentage 

Extension 25 22 03 88% 

Supination 25 23 02 92% 

Pronation 25 22 03 88% 

Flexion  25 23 02 92% 

 
In all the above movements the arm was allowed to move for 160 degrees. It was 

limited by using limit switches. Whenever these switches got pressed, motor was 

commanded to do reverse action for a while and then stopped till the next cycle starts 

based on the SEMG level. 

 
The aim was to develop prosthetic elbow in accordance with the amputees’ needs 

at a reasonable cost. But the main advantages are the low cost of instrumentation 

and easy customization of the product. The success of this work mainly results 

from the control strategy proposed and the structure developed for 

understanding the same. The single channel-two movements (extension/ flexion) 

found to be the best suited solution considering comfort of operation and natural 

response of the prototype.  Moreover, above elbow amputee does not have 

location “beblf (below the elbow little finger side)”, so the locations “uebt” and 

“ueblf” [above elbow locations] are available which are found to give best 

performance for two movements [extension/flexion].  
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6.4 Single channel SEMG analysis of an elbow amputee 
 
In this section the SEMG analysis were done from the stump muscles of an amputee 

as shown in the Fig.6.21. The amputation was done from the elbow (elbow 

disarticulation). Upper elbow muscles were available for the prosthetic uses. The 

amputee is a male subject of age 33 years old and belongs from a village near Mohali 

and has lost his left arm partially. The accident happened at his age of around 6 years 

while using an agriculture machine. The single channel acquisition observations are 

presented in the Fig.6.23 and the values of the selected parameters are shown in Table 

6.14. Location selected is shown in Fig.6.22.  Fig.6.23 clearly defines the difference 

in the wave shape of the two movements i.e. extension and flexion performed by the 

amputee. The amputee was instructed to copy the action of a healthy subject in his 

mind and the residue part of the arm. Healthy subject was asked to perform extension 

and to exert force. Amputee was also trained to do the same with electrode wrapped 

as per Fig. 6.22. Similarly the other movements were studied. Single channel 

acquisition was recorded using softscope in the workspace [as explained in section 

3.1]  

 
Fig.6.21 Photograph of an elbow amputee 

 

 
 

uebt Palm 

Fig.6.22 Selected location of SEMG acquisition 
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Fig.6.23 MATLAB plot for the comparison of SEMG signal acquired while 

performing extension (black colour) and flexion (gray colour)  
 

Table 6.14 
Calculated values of selected parameters  

  Vrms Slope Av freq 

  Extension Flexion Supination Pronation Extension Flexion Supination Pronation Extension Flexion Supination Pronation 

trial 1 0.0293 0.0022 0.0027 0.0042 427.01 51.43 38.83 57.85 158.53 151.11 76.99 159.02 
trial 2 0.0479 0.0046 0.0032 0.0028 822.97 59.99 46.24 41.25 161.13 159.02 166.83 83.98 
trial 3 0.0375 0.0043 0.0028 0.0043 570.56 68.32 37.07 65.33 156.58 163.41 80.73 164.23 
trial 4 0.0465 0.0036 0.0028 0.0044 598.55 54.15 35.71 59.71 163.90 163.09 141.93 160.32 
trial 5 0.0331 0.0043 0.0028 0.0019 403.64 66.05 41.82 24.78 160.16 161.13 163.41 24.25 

  
Selected parameters Vrms, Slope and Av freq were calculated explained earlier in 

section 3.4. Reading of five trials flexion and ten trials of extension were recorded in 

Table 6.14. The comparison was made using plots of the parameters as show in Fig. 

6.24-6.26. Fig. 6.26 shows the validity of acquired SEMG signal for extension and 

flexion as they remain in the selected band nea 180 Hz but supination and pronation 

plots shows very low or probably no SEMG activity. This is the advantage of 

calculating Av  freq. 

It was observed that Extension movement in the amputee achieved higher values 

of Vrms and Slope and Flexion movement was observed to have lower values of 

Vrms and Slope than extension. However for Pronation and Supination no 

significant changes in SEMG were observed. These observations were similar 

which is observed for healthy subject in Table 6.1. But the manual observation 

and the above study suggested that there could be the discrimination of the two 

movements only. Hence, the prototype elbow having single channel (two 

movements) can be the best solution. 
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Fig. 6.24 Amputee’s SEM-Vrms for elbow movements 
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Fig.6.25 Amputee’s SEM-Slope for elbow movements 
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Fig.6.26 Amputee’s SEM-Av freq for elbow movements 

 

 

Chapter’s Summary:   

Degree of operation of the prosthetic device can be improved or optimized by using proper set of 

electrodes on proper muscle group. Prototype elbow was developed which will contribute to the 

developing SEMG based prosthetic devices. 
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Appendix chapter 6 

 

Table A6.1a 
2-channel Vrms values for extension 

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 1 channel 0 channel 1 

Trial 1 0.0992 0.0311 0.0632 0.02 0.0676 0.0785 

Trial 1 0.0979 0.0362 0.0756 0.0308 0.1123 0.076 

Trial 1 0.0806 0.0374 0.0807 0.0274 0.0991 0.097 

Trial 1 0.1045 0.034 0.0823 0.0286 0.0990 0.090 

 

Trial 2 0.1364 0.0223 0.1151 0.0256 0.065 0.1115 

Trial 2 0.1685 0.0319 0.1401 0.0489 0.0586 0.1053 

Trial 2 0.1545 0.0249 0.1399 0.0539 0.0631 0.1109 

Trial 2 0.1402 0.0235 0.1091 0.049 0.072 0.1253 

Trial 2 0.114 0.0157 0.1561 0.0675 0.082 0.1137 

 

Trial 3 0.1101 0.0278 0.0942 0.0275 0.0586 0.0449 

Trial 3 0.0702 0.0281 0.1086 0.0284 0.0719 0.0472 

Trial 3 0.0558 0.0298 0.1068 0.0273 0.076 0.0478 

Trial 3 0.0821 0.0255 0.1182 0.0335 0.0842 0.051 

Trial 3 0.0913 0.024 0.1147 0.0488 0.0662 0.0469 

 

Trial 4 0.1076 0.0165 0.1158 0.0228 0.0624 0.0751 

Trial 4 0.0912 0.0245 0.1553 0.0385 0.0917 0.0901 

Trial 4 0.0496 0.0223 0.1777 0.0248 0.0488 0.0681 

Trial 4 0.1038 0.0278 0.1803 0.0367 0.061 0.0641 

Trial 4 0.0836 0.0201 0.1574 0.028 0.0512 0.0663 
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Table A6.1b 
2-channel Slope values for extension 

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 0 channel 1 channel 0 

Trial 1 1096.70 283.47 1416.20 508.25 1178.80 1345.90 

Trial 1 1257.00 606.13 1553.70 630.76 1505.40 1280.40 

Trial 1 1131.00 376.73 903.66 514.96 1388.20 1496.30 

Trial 1 1557.80 411.48 1873.30 546.29 1388.20 1496.30 

 

Trial 2 2147.30 362.86 2058.70 337.62 847.70 1676.70 

Trial 2 2676.60 958.19 3089.20 401.97 1315.40 1766.00 

Trial 2 1912.00 842.97 2163.00 338.52 1172.80 1977.90 

Trial 2 2740.70 753.04 2613.20 331.83 752.70 2326.00 

Trial 2 3564.40 787.87 2025.70 248.23 1115.70 1743.10 

 

Trial 3 1444.60 457.56 1467.4 327.4117 741.5655 763.1168 

Trial 3 1266.90 364.00 926.0415 391.9991 933.82 697.03 

Trial 3 1356.90 367.83 732.76 440.56 1297.90 840.94 

Trial 3 2115.40 596.68 1202.00 339.41 1071.10 941.50 

Trial 3 1602.10 723.81 1143.90 357.34 1153.00 836.88 

 

Trial 4 2219.4 333.3482 1543.4 242.2753 1093.2 1178.2 

Trial 4 2802.10 1219.70 1595.60 299.46 1929.6 1717.3 

Trial 4 2619.80 405.60 832.97 351.33 809.80 1171.40 

Trial 4 2647.90 711.24 1364.00 396.68 1529.70 1149.70 

Trial 4 2480.00 433.05 1675.80 275.16 909.44 934.67 
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Table A6.2a 
2-Channel Vrms values for flexion 

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 1 channel 0 channel 1 

Trial 1 0.067 0.0498 0.077 0.0558 0.0641 0.0444 

Trial 1 0.0704 0.0627 0.065 0.0395 0.0941 0.0589 

Trial 1 0.0771 0.0648 0.0505 0.0455 0.0945 0.0747 

Trial 1 0.0532 0.0511 0.0668 0.0531 0.0726 0.0483 

 

Trial 2 0.0833 0.0534 0.0889 0.0839 0.0426 0.0239 

Trial 2 0.0867 0.0636 0.0602 0.0563 0.0406 0.0627 

Trial 2 0.0392 0.0159 0.1027 0.1307 0.0477 0.0633 

Trial 2 0.0783 0.0687 0.1036 0.117 0.0551 0.0819 

Trial 2 0.0645 0.0459 0.1109 0.1142 0.0178 0.0647 

 

Trial 3 0.0727 0.0355 0.0828 0.0479 0.0526 0.0265 

Trial 3 0.0834 0.0595 0.0839 0.0801 0.0597 0.0428 

Trial 3 0.0699 0.0465 0.0769 0.0692 0.0518 0.0271 

Trial 3 0.0753 0.0472 0.0878 0.0683 0.0449 0.0278 

Trial 3 0.0892 0.0746 0.0878 0.0429 0.0612 0.0306 

 

Trial 4 0.096 0.0347 0.0449 0.0331 0.0814 0.1209 

Trial 4 0.0947 0.035 0.1009 0.0366 0.0831 0.0959 

Trial 4 0.1346 0.0519 0.0892 0.0348 0.0815 0.1144 

Trial 4 0.1516 0.0541 0.1131 0.0404 0.108 0.1352 

Trial 4 0.0598 0.0374 0.0672 0.0574 0.053 0.0785 
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Table A6.2b 
2-Channel Slope values for flexion 

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 1 channel 0 channel 1 

Trial 1 1011.10 718.89 999.43 661.61 1058.90 803.25 

Trial 1 891.23 523.15 1289.60 956.28 1360.70 1086.10 

Trial 1 856.34 676.30 1185.00 896.74 1280.30 1548.10 

Trial 1 872.29 746.60 931.74 930.27 1204.90 721.30 

 

Trial 2 1519.80 1253.40 726.95 1172.60 1017.00 494.43 

Trial 2 1038.50 1086.70 980.60 1102.20 689.87 837.81 

Trial 2 1338.80 1667.20 366.25 423.78 874.47 1010.00 

Trial 2 1506.80 1478.80 1159.10 1226.60 697.14 1302.00 

Trial 2 1523.90 1797.00 901.40 1084.20 376.24 957.94 

 

Trial 3 1280.50 601.90 948.11 588.13 676.73 423.36 

Trial 3 1086.80 1049.90 1208.30 839.62 807.80 708.56 

Trial 3 927.92 1022.90 1029.60 1039.00 667.18 496.05 

Trial 3 1206.40 1020.30 1067.60 651.88 698.15 352.61 

Trial 3 1206.40 602.54 1148.70 1225.30 1063.80 491.97 

 

Trial 4 795.68 731.57 1477.90 806.22 1282.30 1877.40 

Trial 4 1707.20 585.16 1198.20 630.79 1172.80 1428.80 

Trial 4 1748.90 813.74 2086.20 762.85 1495.90 1508.10 

Trial 4 1852.90 802.45 2501.30 959.95 1917.80 1804.30 

Trial 4 974.96 1041.40 874.86 627.24 902.94 1717.20 
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Table A6.3a 
2-Channel Vrms values for pronation  

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 1 channel 0 channel 1 

Trial 1 0.048 0.0663 0.0473 0.0274 0.0566 0.0555 

Trial 1 0.0545 0.0636 0.0475 0.0242 0.0709 0.0603 

Trial 1 0.0484 0.0683 0.0466 0.021 0.0528 0.0524 

Trial 1 0.0561 0.0623 0.0473 0.0262 0.0627 0.0573 

 

Trial 2 0.0623 0.0495 0.0778 0.0361 0.0398 0.0662 

Trial 2 0.0686 0.0788 0.0881 0.0375 0.036 0.0507 

Trial 2 0.0719 0.0416 0.0961 0.0352 0.05 0.0662 

Trial 2 0.0591 0.0535 0.0776 0.0303 0.0322 0.0377 

Trial 2 0.0938 0.0419 0.0618 0.0345 0.0454 0.0641 

 

Trial 3 0.0609 0.0272 0.0737 0.0203 0.0467 0.0325 

Trial 3 0.0643 0.0327 0.0853 0.0228 0.0409 0.0365 

Trial 3 0.0674 0.0282 0.0876 0.0205 0.037 0.0322 

Trial 3 0.0465 0.0247 0.0733 0.0191 0.042 0.0441 

Trial 3 0.0552 0.0283 0.0542 0.0222 0.0533 0.0362 

 

Trial 4 0.0397 0.0372 0.0627 0.0476 0.0648 0.1051 

Trial 4 0.0523 0.036 0.0757 0.0578 0.0659 0.1089 

Trial 4 0.0636 0.0358 0.0557 0.0574 0.0606 0.0917 

Trial 4 0.0547 0.0344 0.0416 0.0464 0.1085 0.0978 

Trial 4 0.0609 0.0354 0.0813 0.0614 0.0497 0.0757 
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Table A6.3b 
2-Channel Slope values for pronation  

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 0 channel 1 channel 0 

Trial 1 703.77 476.99 748.85 1118.10 1021.60 1160.60 

Trial 1 657.12 333.81 785.85 910.75 1046.30 1151.30 

Trial 1 539.20 353.06 678.85 1046.80 801.40 790.12 

Trial 1 771.13 452.47 824.08 844.86 817.98 773.11 

 

Trial 2 1913.40 589.51 1592.70 677.25 543.05 863.64 

Trial 2 1626.60 550.78 957.60 1114.10 436.57 791.66 

Trial 2 1425.40 530.51 1056.60 601.01 749.66 1017.60 

Trial 2 1150.40 376.49 798.64 864.69 492.83 631.87 

Trial 2 922.57 469.62 1211.60 526.73 576.49 971.42 

 

Trial 3 921.31 380.61 857.26 432.89 649.19 420.22 

Trial 3 1173.00 314.14 1059.70 400.45 667.64 474.04 

Trial 3 1051.60 306.79 918.74 488.18 601.70 495.78 

Trial 3 1093.20 281.36 717.41 401.41 547.15 767.74 

Trial 3 637.72 269.08 767.14 368.60 761.03 517.59 

 

Trial 4 782.36 724.19 539.79 598.63 1428.70 1306.80 

Trial 4 1332.60 755.64 851.10 617.55 946.15 1786.90 

Trial 4 838.51 1109.60 1052.10 835.41 1023.10 1348.40 

Trial 4 574.92 680.37 967.62 498.54 1856.90 1878.20 

Trial 4 1287.60 1441.90 821.40 628.78 591.74 998.85 
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Table A6.4a 
2-Channel Vrms values for supination 

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 1 channel 0 channel 1 

Trial 1 0.0382 0.0302 0.0455 0.0845 0.0528 0.0558 

Trial 1 0.0374 0.0332 0.0521 0.116 0.0409 0.0584 

Trial 1 0.0416 0.0298 0.0401 0.1151 0.0536 0.0693 

Trial 1 0.0404 0.0325 0.0337 0.0956 0.041 0.047 

 

Trial 2 0.0114 0.0082 0.0544 0.1796 0.0321 0.0273 

Trial 2 0.0787 0.065 0.0665 0.1881 0.0388 0.0351 

Trial 2 0.0524 0.0734 0.0673 0.1915 0.0388 0.0462 

Trial 2 0.0595 0.0588 0.0638 0.1393 0.0416 0.0523 

Trial 2 0.0586 0.0629 0.0681 0.1447 0.0429 0.0589 

 

Trial 3 0.0444 0.0485 0.0682 0.1201 0.0484 0.0428 

Trial 3 0.0542 0.0652 0.065 0.1055 0.053 0.0394 

Trial 3 0.0495 0.0515 0.0385 0.1023 0.0505 0.0434 

Trial 3 0.0426 0.0584 0.0661 0.1096 0.0456 0.0405 

Trial 3 0.0649 0.0633 0.0731 0.1052 0.0306 0.0481 

 

Trial 4 0.061 0.0345 0.0785 0.1377 0.0371 0.078 

Trial 4 0.0789 0.0477 0.0806 0.1661 0.0308 0.0553 

Trial 4 0.0485 0.0341 0.0976 0.1484 0.0369 0.057 

Trial 4 0.0457 0.0386 0.0836 0.1369 0.0334 0.0582 

Trial 4 0.0409 0.0583 0.0815 0.1563 0.0376 0.071 
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Table A6.4b 
2-Channel Slope values for supination 

 Combination I Combination II Combination III 

 channel 0 channel 1 channel 0 channel 0 channel 1 channel 0 

Trial 1 615.93 1282.80 491.82 504.02 754.30 864.11 

Trial 1 808.85 2028.70 505.78 458.72 533.94 871.67 

Trial 1 595.63 2021.70 562.12 428.91 1027.20 878.38 

Trial 1 490.36 1424.90 587.78 471.70 566.34 682.26 

 

Trial 2 694.78 2148.60 315.55 143.77 537.61 425.48 

Trial 2 867.38 2766.00 1037.60 936.95 502.35 480.14 

Trial 2 929.53 3222.30 817.65 995.37 502.35 632.69 

Trial 2 947.62 2539.80 1913.90 834.77 607.71 801.75 

Trial 2 1088.30 2037.90 1889.50 769.01 706.82 954.11 

 

Trial 3 908.71 1656.90 623.18 682.23 796.04 515.03 

Trial 3 782.64 1344.90 730.99 826.68 597.17 453.50 

Trial 3 649.13 1252.19 809.13 925.61 743.20 589.01 

Trial 3 962.62 1539.20 615.57 757.09 596.59 653.20 

Trial 3 1114.80 1690.40 850.26 809.54 391.48 777.51 

 

Trial 4 1219.30 2122.80 1018.10 621.62 545.94 949.49 

Trial 4 1251.90 2951.30 1087.60 806.95 415.98 744.80 

Trial 4 1309.50 2173.30 652.88 523.19 484.25 711.61 

Trial 4 1500.30 2178.90 648.90 477.39 435.74 887.89 

Trial 4 1078.00 2757.20 600.75 760.77 575.29 1223.50 
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Table A6.5(a) 
Inter-relation of the chosen locations using Vrms values 

Extension Flexion Pronation Supination  

bebtd beblfd ueblfd bebtu beblfu ueblfu bebtp beblfp ueblfp bebts beblfs ueblfs 

0.0992 0.0632 0.0676 0.067 0.077 0.0566 0.048 0.0473 0.0566 0.0382 0.0455 0.0528 

0.0979 0.0756 0.1123 0.0704 0.065 0.0709 0.0545 0.0475 0.0709 0.0374 0.0521 0.0409 

0.0806 0.0807 0.0991 0.0771 0.0505 0.0528 0.0484 0.0466 0.0528 0.0416 0.0401 0.0536 

0.1045 0.0823 0 0.0532 0.0668 0.0627 0.0561 0.0473 0.0627 0.0404 0.0337 0.041 

0.1364 0.1151 0.065 0.0833 0.0889 0.0398 0.0623 0.0778 0.0398 0.0114 0.0544 0.0321 

0.1685 0.1401 0.0586 0.0867 0.0602 0.036 0.0686 0.0881 0.036 0.0787 0.0665 0.0388 

0.1545 0.1399 0.0631 0.0392 0.1027 0.05 0.0719 0.0961 0.05 0.0524 0.0673 0.0388 

0.1402 0.1091 0.072 0.0783 0.1036 0.0322 0.0591 0.0776 0.0322 0.0595 0.0638 0.0416 

0.114 0.1561 0.082 0.0645 0.1109 0.0454 0.0938 0.0618 0.0454 0.0586 0.0681 0.0429 

0.1101 0.0942 0.0586 0.0727 0.0828 0.0467 0.0609 0.0737 0.0467 0.0444 0.0682 0.0484 

0.0702 0.1086 0.0719 0.0834 0.0839 0.0409 0.0643 0.0853 0.0409 0.0542 0.065 0.053 

0.0558 0.1068 0.076 0.0699 0.0769 0.037 0.0674 0.0876 0.037 0.0495 0.0385 0.0505 

0.0821 0.1182 0.0842 0.0753 0.0878 0.042 0.0465 0.0733 0.042 0.0426 0.0661 0.0456 

0.0913 0.1147 0.0662 0.0892 0.0878 0.0533 0.0552 0.0542 0.0533 0.0649 0.0731 0.0306 

0.1076 0.1158 0.0624 0.096 0.0449 0.0648 0.0397 0.0627 0.0648 0.061 0.0785 0.0371 

0.0912 0.1553 0.0917 0.0947 0.1009 0.0659 0.0523 0.0757 0.0659 0.0789 0.0806 0.0308 

0.0496 0.1777 0.0488 0.1346 0.0892 0.0606 0.0636 0.0557 0.0606 0.0485 0.0976 0.0369 

0.1038 0.1803 0.061 0.1516 0.1131 0.1085 0.0547 0.0416 0.1085 0.0457 0.0836 0.0334 

0.0836 0.1574 0.0512 0.0598 0.0672 0.0497 0.0609 0.0813 0.0497 0.0409 0.0815 0.0376 

0.0311 0.02 0.0785 0.067 0.0558 0.0555 0.0663 0.0274 0.0555 0.0302 0.0845 0.0558 

0.0362 0.0308 0.076 0.0704 0.0395 0.0603 0.0636 0.0242 0.0603 0.0332 0.116 0.0584 

0.0374 0.0274 0.097 0.0771 0.0455 0.0524 0.0683 0.021 0.0524 0.0298 0.1151 0.0693 

0.034 0.0286 0 0.0532 0.0531 0.0573 0.0623 0.0262 0.0573 0.0325 0.0956 0.047 

0.0223 0.0256 0.1115 0.0833 0.0839 0.0662 0.0495 0.0361 0.0662 0.0082 0.1796 0.0273 

0.0319 0.0489 0.1053 0.0867 0.0563 0.0507 0.0788 0.0375 0.0507 0.065 0.1881 0.0351 

0.0249 0.0539 0.1109 0.0392 0.1307 0.0662 0.0416 0.0352 0.0662 0.0734 0.1915 0.0462 

0.0235 0.049 0.1253 0.0783 0.117 0.0377 0.0535 0.0303 0.0377 0.0588 0.1393 0.0523 

0.0157 0.0675 0.1137 0.0645 0.1142 0.0641 0.0419 0.0345 0.0641 0.0629 0.1447 0.0589 

0.0278 0.0275 0.0449 0.0727 0.0479 0.0325 0.0272 0.0203 0.0325 0.0485 0.1201 0.0428 

0.0281 0.0284 0.0472 0.0834 0.0801 0.0365 0.0327 0.0228 0.0365 0.0652 0.1055 0.0394 

0.0298 0.0273 0.0478 0.0699 0.0692 0.0322 0.0282 0.0205 0.0322 0.0515 0.1023 0.0434 

0.0255 0.0335 0.051 0.0753 0.0683 0.0441 0.0247 0.0191 0.0441 0.0584 0.1096 0.0405 

0.024 0.0488 0.0469 0.0892 0.0429 0.0362 0.0283 0.0222 0.0362 0.0633 0.1052 0.0481 

0.0165 0.0228 0.0751 0.096 0.0331 0.1051 0.0372 0.0476 0.1051 0.0345 0.1377 0.078 

0.0245 0.0385 0.0901 0.0947 0.0366 0.1089 0.036 0.0578 0.1089 0.0477 0.1661 0.0553 

0.0223 0.0248 0.0681 0.1346 0.0348 0.0917 0.0358 0.0574 0.0917 0.0341 0.1484 0.057 

0.0278 0.0367 0.0641 0.1516 0.0404 0.0978 0.0344 0.0464 0.0978 0.0386 0.1369 0.0582 

0.0201 0.028 0.0663 0.0598 0.0574 0.0757 0.0354 0.0614 0.0757 0.0583 0.1563 0.071 
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Table A6.5(b) 
Inter-relation of the chosen locations using slope values 

Extension Flexion Pronation Supination 

bebtd beblfd ueblfd bebtu beblfu ueblfu bebtp beblfp ueblfp bebts beblfs ueblfs 

1096.70 1416.20 1178.80 1011.10 999.43 1058.90 703.77 748.85 1021.60 615.93 491.82 754.30 

1257.00 1553.70 1505.40 891.23 1289.60 1360.70 657.12 785.85 1046.30 808.85 505.78 533.94 

1131.00 903.66 1388.20 856.34 1185.00 1280.30 539.20 678.85 801.40 595.63 562.12 1027.20 

1557.80 1873.30 1388.20 872.29 931.74 1204.90 771.13 824.08 817.98 490.36 587.78 566.34 

2147.30 2058.70 847.70 1519.80 726.95 1017.00 1913.40 1592.70 543.05 694.78 315.55 537.61 

2676.60 3089.20 1315.40 1038.50 980.60 689.87 1626.60 957.60 436.57 867.38 1037.60 502.35 

1912.00 2163.00 1172.80 1338.80 366.25 874.47 1425.40 1056.60 749.66 929.53 817.65 502.35 

2740.70 2613.20 752.70 1506.80 1159.10 697.14 1150.40 798.64 492.83 947.62 1913.90 607.71 

3564.40 2025.70 1115.70 1523.90 901.40 376.24 922.57 1211.60 576.49 1088.30 1889.50 706.82 

1444.60 1467.4 741.5655 1280.50 948.11 676.73 921.31 857.26 649.19 908.71 623.18 796.04 

1266.90 926.0415 933.82 1086.80 1208.30 807.80 1173.00 1059.70 667.64 782.64 730.99 597.17 

1356.90 732.76 1297.90 927.92 1029.60 667.18 1051.60 918.74 601.70 649.13 809.13 743.20 

2115.40 1202.00 1071.10 1206.40 1067.60 698.15 1093.20 717.41 547.15 962.62 615.57 596.59 

1602.10 1143.90 1153.00 1206.40 1148.70 1063.80 637.72 767.14 761.03 1114.80 850.26 391.48 

2219.4 1543.4 1093.2 795.68 1477.90 1282.30 782.36 539.79 1428.70 1219.30 1018.10 545.94 

2802.10 1595.60 1929.6 1707.20 1198.20 1172.80 1332.60 851.10 946.15 1251.90 1087.60 415.98 

2619.80 832.97 809.80 1748.90 2086.20 1495.90 838.51 1052.10 1023.10 1309.50 652.88 484.25 

2647.90 1364.00 1529.70 1852.90 2501.30 1917.80 574.92 967.62 1856.90 1500.30 648.90 435.74 

2480.00 1675.80 909.44 974.96 874.86 902.94 1287.60 821.40 591.74 1078.00 600.75 575.29 

283.47 508.25 1345.90 718.89 661.61 803.25 476.99 1118.10 1160.60 1282.80 504.02 864.11 

606.13 630.76 1280.40 523.15 956.28 1086.10 333.81 910.75 1151.30 2028.70 458.72 871.67 

376.73 514.96 1496.30 676.30 896.74 1548.10 353.06 1046.80 790.12 2021.70 428.91 878.38 

411.48 546.29 1496.30 746.60 930.27 721.30 452.47 844.86 773.11 1424.90 471.70 682.26 

362.86 337.62 1676.70 1253.40 1172.60 494.43 589.51 677.25 863.64 2148.60 143.77 425.48 

958.19 401.97 1766.00 1086.70 1102.20 837.81 550.78 1114.10 791.66 2766.00 936.95 480.14 

842.97 338.52 1977.90 1667.20 423.78 1010.00 530.51 601.01 1017.60 3222.30 995.37 632.69 

753.04 331.83 2326.00 1478.80 1226.60 1302.00 376.49 864.69 631.87 2539.80 834.77 801.75 

787.87 248.23 1743.10 1797.00 1084.20 957.94 469.62 526.73 971.42 2037.90 769.01 954.11 

457.56 327.4117 763.1168 601.90 588.13 423.36 380.61 432.89 420.22 1656.90 682.23 515.03 

364.00 391.9991 697.03 1049.90 839.62 708.56 314.14 400.45 474.04 1344.90 826.68 453.50 

367.83 440.56 840.94 1022.90 1039.00 496.05 306.79 488.18 495.78 1252.19 925.61 589.01 

596.68 339.41 941.50 1020.30 651.88 352.61 281.36 401.41 767.74 1539.20 757.09 653.20 

723.81 357.34 836.88 602.54 1225.30 491.97 269.08 368.60 517.59 1690.40 809.54 777.51 

333.3482 242.2753 1178.2 731.57 806.22 1877.40 724.19 598.63 1306.80 2122.80 621.62 949.49 

1219.70 299.46 1717.3 585.16 630.79 1428.80 755.64 617.55 1786.90 2951.30 806.95 744.80 

405.60 351.33 1171.40 813.74 762.85 1508.10 1109.60 835.41 1348.40 2173.30 523.19 711.61 

711.24 396.68 1149.70 802.45 959.95 1804.30 680.37 498.54 1878.20 2178.90 477.39 887.89 

433.05 275.16 934.67 1041.40 627.24 1717.20 1441.90 628.78 998.85 2757.20 760.77 1223.50 
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Table A6.6 

Principal component results for comparison of above elbow locations vs. best 
locations using slope values 

 
Descriptive Statistics  

Variable Mean Std Dev. Std Err 

ueblfd 1249.299 390.712 63.382 

ueblfu 1021.427 432.007 70.081 

ueblfp 886.974 384.155 62.318 

ueblfs 668.853 192.876 31.289 

beblfd 1306.161 903.507 146.568 

beblfu 1093.850 372.559 60.437 

beblfp 784.193 412.309 66.885 

beblfs 1498.818 724.602 117.546 

Covariance Matrix  

  ueblfd ueblfu ueblfp ueblfs beblfd beblfu beblfp beblfs 

ueblfd 152655.891 45529.727 45773.731 2952.461 -37392.365 29881.821 -33474.643 130019.804 

ueblfu 45529.727 186629.637 123313.576 26239.636 -14817.426 522.561 13939.071 96716.111 

ueblfp 45773.731 123313.576 147574.789 15497.897 -33704.109 -12985.423 -21862.201 114051.534 

ueblfs 2952.461 26239.636 15497.897 37201.294 -76959.082 -23388.415 -10992.704 42333.880 

beblfd -37392.365 -14817.426 -33704.109 -76959.082 816324.864 182611.019 217857.071 -311056.894 

beblfu 29881.821 522.561 -12985.423 -23388.415 182611.019 138800.231 44450.577 -14300.407 

beblfp -33474.643 13939.071 -21862.201 -10992.704 217857.071 44450.577 169998.424 -98528.779 

beblfs 130019.804 96716.111 114051.534 42333.880 -311056.894 -14300.407 -98528.779 525048.598 

Explained Variance (Eigenvalues) 

Value PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

Eigenvalue 1139006.666 471786.484 214172.799 128359.147 93543.985 69211.929 35139.898 23012.819 

% of Var. 52.387 21.699 9.850 5.904 4.302 3.183 1.616 1.058 

Cum. % 52.387 74.086 83.936 89.840 94.142 97.325 98.942 100.000 

Component Loadings  

Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

ueblfd -0.297 0.550 -0.207 0.547 0.386 0.343 0.001 0.014 

ueblfu -0.201 0.618 0.698 0.019 0.130 -0.129 -0.210 -0.114 

ueblfp -0.302 0.615 0.583 0.153 -0.213 -0.016 0.332 0.108 

ueblfs -0.466 0.014 0.289 -0.194 0.111 0.020 -0.395 0.702 

beblfd 0.932 0.332 -0.058 0.008 -0.116 0.048 -0.034 0.007 

beblfu 0.465 0.448 -0.389 0.165 0.298 -0.554 0.075 0.052 

beblfp 0.627 0.184 0.131 -0.572 0.437 0.142 0.133 0.005 

beblfs -0.743 0.577 -0.265 -0.187 -0.095 0.015 -0.018 -0.011 

Component Score Coefficients (Eigenvectors)   

Variable PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 

ueblfd -0.109 0.313 -0.175 0.597 0.493 0.509 0.003 0.036 

ueblfu -0.081 0.389 0.651 0.023 0.184 -0.211 -0.483 -0.325 

ueblfp -0.109 0.344 0.484 0.164 -0.267 -0.024 0.680 0.273 

ueblfs -0.084 0.004 0.120 -0.104 0.070 0.015 -0.406 0.893 

beblfd 0.789 0.437 -0.114 0.021 -0.342 0.166 -0.163 0.040 

beblfu 0.162 0.243 -0.313 0.172 0.363 -0.785 0.148 0.129 

beblfp 0.242 0.110 0.117 -0.658 0.589 0.223 0.292 0.013 

beblfs -0.504 0.609 -0.414 -0.377 -0.226 0.041 -0.069 -0.053 
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CHAPTER 7 

CONCLUSION AND FUTURE SCOPE 

This chapter outlines the conclusions of the research done 
and the scope of the technology in 21st century. 

 

Prosthetics are important to improve amputees’ lifestyles and in order to do so there 

have been many studies aimed at allowing control over the prosthetic appendage. 

Surface Electromyogram (SEMG) is used for the study of muscle activities and to 

develop myoelectric prosthesis in the present investigation. 

This thesis presents development of a control methodology to use myoelectric signals 

from muscles as the control signals to operate the elbow prosthesis. Implementation 

of the SEMG amplifier device, SEMG recording technique and development of 

artificial elbow were discussed in details. SEMG recording technique was developed 

to measure and record the signals from the SEMG amplifier with the aim to use the 

same circuit later to drive elbow-prototype. The study of different parameters in 

relation to SEMG variations with force level was carried out and found that both 

amplitude related parameters and selected statistical parameters gave good view of 

force level exerted by muscles. The SEMG amplitude based parameter resulted into 

linear variations up to around 80% of the maximum voluntary contraction of a 

subject. Proposed function slope gives good representation of the SEMG. SEMG 

frequency based variation remains constant in a narrow band. The effect of prolong 

use of the device was studied and found to result in lower level of SEMG signals. 

Therefore, the design and method of acquisition systems was developed with the 

capability of adjusting SEMG level to get proper degree of controllability.  

As an additional study, electrode locations to have multifunctional prosthesis, 

acupressure points were considered. The study explored that electrode sites can be 

considered where even very weak correlation between the measured signal (SEMG) 

and limb functions (more than one) existed. In this work selection of acupressure 

point were chosen from the anatomically valid locations. At four pressure points on 

arm, SEMG signal behaviour was studied and the similar linear relationship was 

observed during forced-grasping as that of studies done in chapter 3(with non pressure 

point). Hence, it is concluded that acupressure points shows SEMG activities useful 

for multifunctional prosthetics. SEMG parameters have also been experimented with 
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variable force exerted by the muscles both for above-elbow and below elbow and it 

was observed that above elbow showed higher level of SEMG activities. 

The analysis has been done on the SEMG signals from six locations on arm for 

discriminating four movements of hand (taken from three male subjects). Hand 

movements chosen were opening and closing of grip, up and down movement of 

wrist. Six locations also included two pressure points on wrist to study the comparison 

among the locations. Analysis resulted into classification of these locations with 

respect to specific movement and numbers of acquisition channels. To understand the 

optimum requirement of number of channels for such interpretations, principal 

component analysis was done. After the principal component analysis from different 

locations, it is found that in two channel locations namely “cbet (below elbow thumb 

side) and cbeb (below elbow little finger side)” and in three channel locations namely 

“cam (below arm middle palm side)”, “camb (opposite side of cam)” and “cbet 

(below elbow thumb side)” were best suited to discriminate the four chosen 

movements. However, the selected pressure points showed low performance w.r.t. the 

other locations. Best location was related to the maximum loading percentage to PC1 

and appropriate numbers of channel of the acquisition system to monitor movements 

again depended upon the loading percentage to PC1 but shall vary within i.e. different 

movements had different contribution percentages for better discrimination. 

Further, SEMG analysis on the elbow movement for the four operations (extension, 

flexion, supination and pronation) was discussed which resulted into control 

methodology for single-channel and two-channel prototype elbow.  Principal 

component analyses from four different locations were analyzed to discriminate the 

four chosen operations with two channel approach. The analysis of elbow movement 

suggested that combination II was the best which had one location at “uebt (above 

elbow thumb side)” and other at “beblf (below elbow little finger side)”. However, 

elbow amputees’ does not have location “beblf (below the elbow little finger side)” 

available. A compromising solution is needed with the existing locations i.e. “uebt 

(above elbow thumb side)” and “ueblf (above elbow locations)” to give best 

performance for elbow movements.  

A prototype above elbow based on SEMG analysis had been developed using 

microcontroller based hardware. The prototype elbow had been developed using 

single channel and two channel acquisition circuits respectively to realize two 

movement controls (extension/flexion) and four movement controls 
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(extension/flexion/pronation/supination). The single channel-two movements 

(extension/ flexion) found to be the best suited solution considering operational 

success and natural response of the prototype model. Although all the mentioned 

studies were conducted on healthy subjects but additionally, a study was also 

conducted on an amputee for the single channel-two movement elbow prototype. The 

SEMG results for the four selected elbow movements from the amputee found to be 

the same as of the healthy subject. 

This work presents a successful creation of inexpensive SEMG platform. Ultimate 

goal is to realize the artificial limb whose functionality is close to human arm where 

this work is an effort. The effort to achieve this goal will always was encouraging the 

researchers into the field of SEMG technologies.  

For the future development of the SEMG technologies, following suggestion are 

made: 

1. Although the value of SEMG has been proven in fundamental researches and 

for specific diagnostic questions, there is as yet no broad clinical application. 

This is partly due to limitations of construction principles and application 

techniques of conventional electrode systems. Multi-electrode grid can be the 

better solution for movement discrimination.  

1) The material used as electrode carrier e.g. polyimid allows grids to be cut out 

in any required shape or size. The high mechanical flexibility can be allowed 

in electrode grid to follow the skin surface even in areas with very uneven 

contours, resulting in good electrical connections in the whole recording area.  

2) The processors with high programming capabilities can be used to handle 

large data from SEMG electrodes (multi-electrode) and to analyze these data 

for future use. The system’s sensitivity needs to be further improved the low 

functional arm/hand movements. 

3) To remove the motion artifacts from wired electrode systems, wireless sensor 

network technologies are likely to produce better results. 

4) More study on reliability of acupressure or other similar points e.g 

acupuncture points may be carried out. This will help in establishing SEMG 

sites on the skin for specific movements. 

5) Evolutionary classification techniques can be explored for better 

discrimination of large number of movements. 
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6) Prosthetic devices can be developed by using newly discovered alloys or 

composite materials as they are light weight and hard enough to meet the 

requirements. The greatest advantage is the ease of machining which can 

fulfill the laws of biomechanics of human arm.  

7) The study on energy efficient motors, driving circuits and couplings can 

further improve the degree of functionalities of prosthetic devices. 

Practical medical applications involves SEMG use in pre/post surgical assessment 

and treatment, prevention or retardation of muscle atrophy, increasing local blood 

circulation, relaxation of muscle spasms, maintaining or increasing range of 

motion, and muscle re-education and rehabilitation through biofeedback. 

Extending beyond the traditional use of SEMG in physiological and 

biomechanical research, SEMG has well established value as an evaluation tool 

used in applied research, physiotherapy, rehabilitation, sports medicine/training, 

bio-feedback and ergonomics research. 
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