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Abstract In the process of improvement of prosthetic

devices, there have been efforts to develop satisfactorily

working artificial hands but still lots of work is to be done

to meet the accuracy and requirements of the human hand

movement. The EMG signal has been most promising

signal in development of artificial limbs. The present

review paper gives the historical developments in three

main sections. First part describes the EMG signal prop-

erties. Second part deals with the mathematical models

developed till now for EMG signal analysis. In the third

part different design approaches have been reviewed for

artificial hand. First approach discussed here is on the

body-powered terminal devices which are controlled by the

user’s pull on the control cable to open the hand or hook

and for the grip strength. Other being myoelectric controls

type, an externally-powered system which uses electrical

impulses, generated by contraction of the amputees own

remaining muscles to operate a motor in a mechanical

hand, hook or elbow. This paper presents a brief overview

of above mentioned issues with regard to artificial hands.

1 Introduction

In 218 BC during the Second Punic War the Roman general

Marcus Sergius had his left hand amputated, but following

the fitting of an iron replacement fashioned to hold his shield,

he was able to return to battle [1]. In medieval times, knights

would have prosthetic hands made by their armourers.

According to Schulz et al. [2] in the United States 41,000

persons are registered who had an amputation of a hand or a

complete arm. With the same frequency of occurrence (1 in

6,100) there would be 1,000,000 such persons worldwide.

There are many advantages and disadvantages to each type

of prosthetic system as described by Troy Farnsworth [3].

The main factors of the rejection of conventional prosthetic

hands were: heavy weight, low functionality, robot-like

movement.

Recent advances in technologies of signal processing

and mathematical models have made it practical to develop

advanced EMG detection and analysis techniques. In 2006

various mathematical techniques and Artificial Intelligence

(AI) have received extensive attraction [4]. Mathematical

models include wavelet transform, time-frequency

approaches, Fourier transform, Wigner-Ville Distribution,

statistical measures, and higher-order statistics.

The study of surface EMG is becoming more popular as

its unique capabilities as described by Mobasser et al. [5]

such as human–robot interaction, control of prosthetic

arms, and human factor studies dynamics include the vol-

untary and nonvoluntary (reflex) excitation. They also

mentioned that in many applications, such as analysis of

sports activities, ergonomic design analysis, or teleopera-

tion of robotic devices, the use of force sensors for the

measurement of generated limb forces is impractical or

inconvenient. Also the use of inexpensive and easily por-

table 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. Kundu et al. [6] had

also designed and developed a human–robot interaction

H. S. Ryait (&)

DBEC, Mandigobindgarh, India

e-mail: hardeepsryait@yahoo.com

A. S. Arora

SLIET, Longowal, India

R. Agarwal

Thapar University, Patiala, India

123

J Mater Sci: Mater Med (2009) 20:S107–S114

DOI 10.1007/s10856-008-3492-4



prototype of implantable 2 DOF inner skeleton robots

(i.e., robotic elbow prosthesis) to assist the elbow flexion-

extension motion and forearm supination-pronation

motion. 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 arti-

ficial joint for the next generation.

As per Arora [7] to use myoelectric or electromyogram

(EMG) signals as command and/or control signals, it is

necessary to process the signal in order to extract the

information. A number of methods for processing EMG

signals have been used for the purpose of control of limb

prosthesis segments of the EMG signal to preserve pattern

structure. For the study of developments of prosthesis hand

the main sections are EMG signal properties, mathematical

model for explaining the surface EMG signal and the

design approach for artificial hand. In the present study

different types statements on EMG properties and models

based on different mathematical facts along with their end

equations is recorded. Also, the study on types of con-

trolling methods for artificial hand is described as one form

being body-powered terminal devices and other being

myoelectric controls type.

2 EMG signal 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. Myo-

electric 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 lV–1 mV. A

typical EMG pattern is shown in Fig. 1.

An EMG property is very important for understanding

human body movements. Several investigators has given

their opinions relating to EMG properties as shown in

Table 1.

3 Mathematical models of EMG

Mathematical modeling of the surface electromyography

(EMG) signal is a tool to explore proper methods of muscle

activation patterns. It gives the understanding how different

physiological and physical factors alter the signal detected

at the skin surface.

3.1 EMG model as low pass filter

Agarwal and Gottlieb [12] described that the EMG of a

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

convolution integral. eðtÞ ¼
Rt

0

hðt�sÞpðsÞds; where p (s) is

series of unit impulses or Dirac delta functions which

passes through a filter whose impulse response is h (t) as in

Fig. 2. The time function h (t) describes the shape of a

single motor unit action potential. The Fourier Transform

(FT) of equation is E (jx) = H (jx) P (jx), where H (jx)

is the FT of the impulse response and P (jx) is the FT of

the random pulse train.

Fig. 1 Typical EMG pattern

Table 1 Description of EMG signal properties

Author Description of EMG signal properties

Reaz et al. [4] 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

Kiguchi et al. [8] 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

Huang and Chen [9] Surface EMG signals are nonlinear and stochastic. They are contributed by the summation of

triggered motor units with respect to the measuring electrode location

De Luca [10] The EMG signal stochastic with typical amplitude of 0–6 mV. The usable frequency range of

0–600 Hz wit most energy concentrated at 50–150 Hz

Graupe [11] EMG signal is a time series model. And could be considered stationary over sufficiently short time interval
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The FT for a train of such pulses from a single unit of

this shape is given by:

HðjxÞ ¼ 4bj

cx2

� �

e�jxc 2sin
x c

2
� sinðxcÞ

h i

3.2 Non-stationary model for the EMG

According to Shwedyk et al. [13] model, neural pulse train

inputs were considered which passed through linear, time

invariant systems that represented the motor unit action

potential (MUAP). Figure 3 shows the EMG signal gen-

eration 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 charac-

teristics of the EMG during a constant contraction.

3.3 Pseudo-periodic model for myoelectric signal

Helal and Duchene [14] represented that SMES as an

infinite train of bursts of activity. Assuming linearity

between MUAP’s and the detection site, each burst results

from the summation of N MUAP’s filtered through low-

pass functions:

SMESðtÞ ¼
Xþ1

n¼�1

XN

n¼1

Zþ1

�1

huðtÞ:AMUAPðt� s� nT � nu
nÞds

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, nu
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 uAMUAP(f) and uSMES(f) consists of two charac-

teristic parts, denoted as W(f) and B (f).

3.4 Auto-regression model

Knox et al. [15] stated that auto-regression modeling has

become a common technique for parameterizing linear

systems/signals. The model is based on the linear differ-

ence equation for the discrete time signal,

xðnÞ ¼
Xp

k¼1

akxðn� kÞ þ uðnÞ;

where the input u (n) is assumed to be white noise. The

coefficients, ak are estimated by a least squares minimi-

zation of the estimation error, e (n).

3.5 Integral pulse frequency and amplitude

modulation, IPFAM model

Zhang et al. [16] developed a basic IPFAM model of EMG

signals during locomotion. 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 mus-

cular 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(2pfpt + h) and the amplitude modulating signal

Ao + Ascos(2pfst + c), where Ao, is the DC-level, ml is the

modulation depth, As is the amplitude, fp is the PFM mod-

ulating frequency, and fs, is the PAM modulating frequency,

the expression of the IPFAM can be derived as: Eðf Þ ¼
Ao

To
Aðf Þ þ Ao

2To
fBðf Þ þ Cðf Þg;where A (f), B (f) and C (f) are

the three mentioned functions.

3.6 EMG to force model

Figure 4 shows the block diagram of EMG to force model

proposed by Anctil and Slawnych [17]. This model consists

h(t)

H(j )

p(t)

P(j )

e(t)

E(j )

Fig. 2 EMG for a single motor unit model as low pass filter

)(1 thK1

Kn

)(2 th

e(t) 

Neural Pulse train 

Fig. 3 Model for EMG signal generation

J Mater Sci: Mater Med (2009) 20:S107–S114 S109

123



of three basic blocks namely the signal processing block,

the moment/angle relation and the moment/angular veloc-

ity 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 con-

tractions 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� in intervals of 10�. These measurements were used to

determine the moment/angle properties of the muscles. In

case of dynamic, the subject moved the elbow at approx-

imately constant velocity from 40� to 130� (flexion) and

from 130� to 40� (extension) for different loads.

3.7 Dipole model

Anctil and Slawnych [17] introduces 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. In a dipole

model, the current is assumed to be concentrated at two

different points along the fiber. Potential u recorded by a

point electrode in response to a source current I located at a

distance R Using the definition of a partial differential, /2

(t) can be expressed as follows:

/2ðtÞ ¼ �d
o / 1

ox

� �

¼ Izd

4pr
ffiffi
½

p
3�x2 þ y2 þ z2

; where /1ðtÞ ¼
I

4prR

r 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:

/SEðtÞ ¼
1

A

ZXe=2

�Xe=2

ZZe=2

�Ze=2

/2ðtÞdzedxe

¼ Id
4prA

ln xþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p� �� � Ze =2

�Ze=2

�
�
�
�

�
�
�
�

Xe=2

�Xe=2

Figure 5 shows the comparison of the potentials derived

from a single muscle fiber the surface electrode in terms of

a series of point electrodes.

4 Design and developments of electronic prosthetic arm

There has been lot of efforts worldwide to improve the

activities in the functional range of the prosthetic hand. The

following section gives the brief idea about the classification

of prosthetic hand and major developments in each category.

4.1 Design classifications

Tomovic and Boni [18] mentioned that Prosthetic arm can

be classified depending upon controlling techniques. The

two most common prosthetic systems are body-powered

Block 3 

SEMG 
Signal 
Processing

Movement/Angle
Movement/Force Force/Angular

Velocity

1

Block 2 Block 1 
Force 
Prediction

Angle 

Fig. 4 EMG to force model block diagram

Fig. 5 Comparison of the potentials derived from a single muscle

fiber

S110 J Mater Sci: Mater Med (2009) 20:S107–S114

123



and myoelectric designs. Figure 6 shows the symbolic

representation of prosthesis (a) internally powered and

controlled (b) externally powered prosthesis and (c) pros-

thesis externally powered and both externally and

internally controlled. Here P and C stand for Power and

Control elements, respectively.

4.2 Body-powered designs

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. Figure 7 shows

flow chart of the controlling strategy.

Sunton and Sathaporn [19] of Thailand developed the

design of pneumatic controlled movement controlled by a

foot switch. This test was performed on an amputee wearing

this artificial arm and performed simple tasks such as

picking up objects, drinking water. Kuba et al. [20] descri-

bed the flexible grasping motion control for a hand with two

fingers. For this control the 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. Here study carried to know how to

interface human and an artificial hand, based on human

being property. Pfeiffer [21] established that the hand should

be as large as a human hand. For grasping, three fingers and

for re-grasping, four fingers are needed. The hand was

mounted on a PUMA 560 robot. Each finger should possess

three degrees of freedom. The fingertip is able to generate a

normal force of 30 N, which allows the fingers to lift 1 kg

with a static friction. Opening and closing a finger takes

place in at least 0.5 s. Each degree of freedom is driven by a

small piston-cylinder system with 10-mm internal diameter

where one side of the piston is pushed by oil pressure and the

other side by a spring. Lee and Shimoyama [22] described a

method and a process for developing a soft artificial hand

similar to a real human hand and its small- size- soft actu-

ator. For the soft actuator, a pneumatic artificial muscle was

used. The pneumatic artificial muscle allows the artificial

hand not only to move softly and powerfully by pneumatic

power but also works as a sensor.

Schulz et al. [2] presented a very lightweight artificial

hand driven by a new type of powerful small size flexible

fluidic actuator. The actuators are completely integrated in

the fingers which made possible the design of a very

compact and lightweight hand that can either be used as a

prosthetic hand or as a humanoid robot hand. Beck et al.

[23] developed a position and force control for robotic

systems. This article presented a joint controller for an

anthropomorphic robot hand driven by flexible fluidic

actuators. These flexible and compact actuators are inte-

grated directly into the finger joints, where they can be

driven either pneumatically or hydraulically.

In almost all cases the harness and cable system can be

both the best and worst aspect of a body-powered system.

Negative aspects develop as the same pressure may create

discomfort and contribute to long-term nerve compression

and overuse problems. Another important consideration is

that body-powered designs are less expensive.

4.3 Externally-powered systems

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 sys-

tems 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.

Tomovic and Boni [18] described the improvements that

can be obtained in the design of an artificial limb. This

work exploited all the possibilities of the principles. An

important improvement would be to divide the sensitivity

elements into layers. Thus a new dimension is added to the

artificial hand. Graupe et al. [24] described a prosthesis

control system that is based on microprocessor hardware

where control of an artificial limb for above-elbow ampu-

tees is accomplished. The design employs time series

identification techniques for parameter discrimination.

System involves one set of electrodes for discriminating

Hand Hand Hand 

P P PC C C C

(a) (b) (c)

Fig. 6 Symbolic representation of prosthesis

Switch Input 

Computer   Control Unit 

Pneumatic/Hydraulic/ 
Mechanical Valve 

Artificial Hand 

Fig. 7 Flowchart of control strategy
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and controlling five limb functions. The system feeds a

motor control and actuation unit identical to that of the toe-

controlled system of which is presently used by a bilateral

above-elbow amputee. Ray and Guha [25] stated that most

of the theoretical studies relating the surface electromyo-

gram to muscular force suggested that the amplitude of the

e.m.g. should increase proportionately with the square root

of the tension. However, direct experiments have shown a

linear relationship.

Bergamasco and Scattareggia Marchese [26] presented

an article for the development of a new three-fingered poly-

articulated myoelectric prosthesis. The prosthetic hand is

equipped with position, force, and slip sensors which

allows maintaining a stable grasping of the object without

affecting the user attention. Force sensors at the level of the

fingertips as well as palm sensors have been integrated in

the structure. Okuno et al. [27] developed the new type

myoelectrically controlled prosthetic hand which simulated

the dynamic properties of the muscle and stretch reflex.

The prosthetic hand consisted of the processing units of

surface EMG signals, the digital servo system of DC motor

giving the one-degree of freedom mechanical hand.

Fermo et al. [28] presented the development of a sensor

for detecting human muscle contraction, which captures

myoelectric signals (EMG), in order to control a myo-

electric prosthesis of superior limb. The analysis of the

signal is carried out through software running in a micro-

controller that decides how to open or close the artificial

hand. New functions (for example, if the hand is open,

close, and semi-close, etc.) can also be added with a simple

alteration in the microcontroller program, without any

hardware alterations. Morita et al. [29] presented paper

having a new approach for controlling the prosthetic hand-

torque control of each joint. The joint torque is estimated

from EMG signals using artificial neural network. The

learning system is based on feedback error learning

scheme. Yukio et al. [30] developed electrical prosthetic

hands for patients both in size and in appearance those fit to

their age and body shape. With such patients who have real

hand, it is important to confirm the size and appearance of

electrical prosthetic hands to their healthy hands. Zajdlik

[31] introduces the first prototype of a five-fingered pros-

thetic hand and the first attempt to control this mechanism.

The mechanism has twenty degrees of freedom and is

actuated by only three motors. In the control unit inputs

(from EMG) for a feed forward back propagation by

analysis as described neural network used to recognize the

type of grasp.

4.4 Concatenate designs

Hybrid prostheses 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 opti-

mize individual functional performance. Finat and Lopez-

Coronado [32] showed a hybrid method for adapting a

three fingered dexterous and compliant artificial hand, so as

to describe preconfiguration before grasping some specified

rigid object. This category can 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 are

frequently choosing 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.

4.5 Proposed design

In this section, an innovative design of the externally

powered hand prosthesis has been discussed. Arora [33, 34]

discussed that the main aim of this design is to improve the

functionality of the prosthesis without putting additional

actuator. The main stress of the structure design has been

the realization of the stated objectives. It can be mentioned

that, if more functions can be realized with the less number

of the actuators, the objective of the less weight and good

functionality can be achieved without compromising the

other parameters such as mechanical strength etc. It has

been observed that to accommodate the precision and the

power grip independent movement of the thumb joint and

the finger joint is required. The precision grasp is achieved

when joints of both the thumb and finger flex, and to realize

the power grip the fingers are made to oppose the palmar

surface, while thumb lies either in the same plane as the

palm or rolls over the fingers. Normally available hand

prosthesis, with single degree of freedom, is capable of

performing only precision grasp. If the finger joint and

thumb joint can be operated by a single actuator to achieve

the power and precision grasp, the weight of the prosthesis

will be reduced greatly with improved functionality.

In the following lines the concept of achieving the

power and precision grasp with single actuator has been

discussed. The mechanism of linkages can be used to get

the desired movement from the driver actuator. The link-

ages allow any combination of reciprocation or oscillation

into reciprocation or oscillation. Figure 8 shows that the

two joints, one for fingers and other for thumb, are con-

nected to the same motor shaft. There four joints in the

mechanism around which both the links connected to it can

move. The mechanism is shown in the extreme position of

precision grasp, where the tip of index finger touches the

tip of the thumb. From this position, the thumb will always

move outside irrespective of the direction of the motor

movement. If motor is moved in the clockwise direction,
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the joint1 and joint2 will move downwards, thus the fingers

will move upwards and thumb will move outward. So this

movement will be equivalent to release or the opening of

the hand. In case motor moves in anti-clockwise direction

then fingers move downwards as both the joints (1 and 2)

move upwards. The thumb again moves downwards and

the movement is equivalent to the power grip. In this

particular movement the fingers face the palm and thumb

does not take part in the grasp operation. Thus it is clear

that the both types of grip can be achieved by single motor.

This concept leads to decrease in number of the actuators to

be used to achieve the power and precision grasp with the

prosthesis.

5 Conclusion

The main challenges for the design of physical device are

good mechanical strength, less weight, sufficient grip force,

low power consumption, computational capability com-

patible to control scheme and high speed of operation. Due

attention must be paid to design and selection of all the

components to achieve the design objectives. The design of

structure is one area where an imaginative design may

reduce lot of stress from weight constraint. The grip force

and power consumption can be taken care by the proper

choice of the actuators. The speed of operation and com-

putational capability is to be taken care off by the proper

selection of microcomputer and other electronic compo-

nents. The ideal requirements are material for mechanical

structure having mechanical strength, flexibility and weight

like bone, the controller having computational capability,

speed and adaptability like brain, actuator having high

torque and flexibility like muscles, and the feedback ele-

ments having sensing capability like skin.

EMG is a relatively new technology. It has a definite

potential to be used as control signal for multifunction

prosthesis. There is need to draw correlation between the

physiological, physical factors and the EMG signal. The

exact details of the recent developments are needed to be

acknowledged and consolidated at one place. This research

paper gives the different viewpoints of researchers from

60’s till now, while stating the properties, computing

mathematical model and designing the surface EMG con-

trolled hand. Here it is kept in consideration that the

researcher gets enough literature review. Coming area of

human machine interface is believed to be based on EMG-

technologies. A vast contribution is need, which this paper

is an attempt as motivation to new researchers.
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