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ABSTRACT 

A technique is presented tor astessing the relativ~ 

performance of various signal processors of the surface de--

tected electromyographic signal (EMG) in the gross skeletal 

muscles of man. A minicomputer is used to sample, store, and 

-to later process the EMGs for agonists of the upper arm for 
\ 

various net forces, as measured at the wrist, under a condition 

of isometric tension. A two dimensional analysis of the 

flex~r and~xtensor EMGs is performed for each force level. , 
The number of force levels fr0m which distinct, high confi­

dence, control signals may be derived is used.as·a figure of 

merit to determine the superior of the signal p~ocessors 

studied and the superior of various electrode sites con-

sidered. For prosthetic use it is often desirable to maxi-

mize the number of control signaJs per mu~cle site: 
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CHAPTER I 

INTRODUCTION 

The surface detected electromyographic signal 

(EMG) of gross skeletal muscles is currently of considerable 

interest as a con.trol signal for orthotic,- prosthetic and 

environmental control"devices. Superior processing of the EMG 

permits the realization of many distinct control functions from 

one muscle, thereby making efficient use of the muscle sites 

available. 
.. 

For this reason, emphasis has recently been placed 

upon assessing the relative performance of e~isting signal 
.... 

processing techniques. Some of the major shortcomings app~rent 

in much of the prominent research in this field, and in partic-

ular, in the'work of Kreifeldt et al (5) and Hall et a1 (11), 

follow: 

(i) Analyses were perfo,rmed with signa~ sequences of in-

sufficient duration to obtain adequate representation 

of the statistical fluctuations in the processed ENG. 

(ii) Th~ signal-to-noise ratio (SNR) in the processed ENG 

has been used alone to assess the relative performance 

of processors without any measure of the method's 

1 -



2, 

sensitivity to changes in the EHG. 

(iii) Signals of low SNR (such as the fectified and smoothed 
\ 

EMG) have been presented to the subject as~~eedback 

when trying to maintain a ·constant level' of muscle 
- t . 

tension. Large fluctuations in ,the feedback signal 

prevent good controllability. • 
(iv) In an agonist muscle pair, only the prot~gonist was 

considered, with the neglect of the antagonist. 

(v) No study Vas conducted on the effect of electrode 
" 

position on the quality of the results. 

(vi) Signal processor performances were compared with dif-

'" ferent EMG sequences presented to each processor. 

This thesis along with an internal technical report 

(16), describes our approach to experimentation and analysis 

of the EMG. the aim was to develop a technique which could 
1 

be used to assess the performance of several signal pro~es-

sors and to study the effect of electrode position on r~sult&. 

A minico~puter \vas used for sampling and stoLage of the EMG' s 

of the flexor and e~tensor muscles of the upper arm under 

isometr{c contraction. T~e subject maintained as cons~ant 

/ 
a net force as possible. The net force was measured at the 

o wrist with the elbow resting and held at angle of 90 . 

The signal was broken into successive 0.5 second 

windows for analysis. The values of the processed Signal 

~ere considered in a two dimensional coordinat~ system for 

cl~ster ana~ysis. One axis represent~d the processed flexor 

• 
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values while the other indicated the extensor values. The 

statistical parameters of the processed values for each of 

twenty-tbree different net forces (force levels) were as~essed. 

From these parameters, ~soprobability ellipses were constructed 

in the plane. The ellipses were allowed to enlarge in unison. 

The number of distinct, definabl~ ellipses was found by using 

two conditions. The fiF5t was that o~e ellipse of each over-

lapping pair must be discarded. The choice of which ellipse 

to discard was made so as to retain the largest number 

of distinct ellipses. 
~ 

The se~ond condition was that the mea-

sured percentage of processed data enclosed by the appropriate 

ellipse averaged at least 95% over all non-discarded ellipses. 

The electrode positIon and the signal ~rocessing method which 

permitted the largest number of non-overlapping ellipses 

were cho~en as superior. 

In our procedure and analysis, an attimpt was made 

tQ minimize as much as posiible the difficulties previously 

described. The measures employed to overcome these problems 
{ 

follow: 

(i) The analysis programs allowe@ the consideration of eleven 

experiments simult~neously. Each experiment could c~nsist 

of a maximum of twenty-three force levels with twenty 

. 
seconds of signal sampling per force level. Thus as 

much as 220 s~conds of EMG per force level could be 

con~{dered at once. This corresponds to 440 windows of 

0.5 seconds duration or 440 processed values for use in 

statistical analysis. Programs are easily upgradable 



4 

to consider more than e~even experiments. 

(i i) 
~. . 

The ~umber of distinct, definable ellipses was used to 

-1 
assess processor performance. This value depended on . ' 

~ 

.0 both SNR and on the< sensitivity of the processed values ", 

to changes in EMG. 

(iii) For each desired net force, the deviations of the force 

from this value were monitored by a' force transducer. 

This signal, having a high SNR, was presented tb the 

~ubject as visual feedback by using ~n os~illoscope. 

~sing this technique, force was controllable to within 

±2% of the desired value. , " 

(i v) Flexors and extensors were simultaneously considered. 

(v) Several electrode positions for the flexor signal were 

(v i) 

-l' 

studied., It was considered crucial to examine this for 

the flexor signal sin~e forearm flexion is achieved by 

the use of two distinct muscles rather t,han one (Section 

5.1.3). 

Since the sam~led signal was stored on,djsk, it was 
r 

possible to· apply an identical signal to each of the 

eleven signal .processors Which were realized in soft-

,.,rare. 

Due to the ease with which ~hey can be implemented, 

rectangular regions were studied as an alternative to ellipses. 

Also, the number of distinct levels definable for a one di-

mcnsional case, 'where only the extensor EMG is considered, 
~ 

was investigated. 



CHAPTER 2 

PROPERTIES AND ANALYSIS OF THE EMG 

2.1 Basic P~ysiology and Signal Properties 

The gross skeletal muscles of man consist of many 

individual muscle fibres (MF) each capable of ,contracting 

upon stimulation [1]. A MF is stimulated by a complex neural 

network involving the central nervous system. Activation by 

a signal from the nervous system initiates a chemical process 

in the MF involving the release of potential energy stored in 

the form of ionic concentration gradients at the m~scle fibre's , 

cell walls. A transport of ions across the cell ~mb!ane of 

the MF occurs during activation. 

This transport of ions first commences at the inner-

vation point of the MF and then propagates at a velocity deter-

mined by many factors down the length of the long rod-like MF 

resulting in a propagating wave of depolarization. The varying 

electric field associated with this wav~ of depolarization is 

referred to as an action potential CAP). An AP is electroni-

cally detectable both intra- and extra-muscularly. This 

varying electric field induces certain protein molecules of 

the fibrils of the MF to move in such a fashion as to cause a 

shortening in the overall fibre length. giving rise to the 

force of contraction. Many MF's are innervated by a common 

- 5 -
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nerve and"respond in unison to stimuli. S~ch a group of 

fibres is referred to as a "motor unit" (~fU) and is the 

smallest unit of the muscie whic'h may be controlled inde-

pendently. 

A muscle is composed of many such motor units. 

These MU's are activated in an asynchronous ~anner in order 

to achieve the desired net muscular force. The two main 

mechanisms by which different muscular tensions are achieved 

are the recruitment pattern of MU's and their firing rate. 

In a muscle, there is a graduation in the threshold 

for c eat w h i c h d iff ire n t M U 's w ill b ~ -r e c r u i ted and in the 

twitch tension produced by these different MU's. Those re-

cruited at higher thresholds exhibit higher twitch tensions 

than those recruited at lower thresholds [2]. The e:(fect of 
,0 

the MU recruitment pat~ern on net 'muscular force is greater 

at lower force levels than at higher ones since, for higher 

force levels, the individual thresholds of most MU's have 

been exceeded and they are already a~tive. It is the increase 

in firing rate of MU's at higher~force levels which is prim-

arily responsible f~r ihe muscle's activity [2]. 

To monitor the electrical activity intramuscularly 

fine wire or needle electrodes are often used. 

small size, these olectro"s are selective in 

monitor the activity of a ~w muscle fibres. 

Due to their 

nature and can 

M i In er- Bro\oJ n 
-# 

et al [2] have studied the prop~~t~es of the surface potential 

in relation to muscle physiology by us~Cn'i'J!_~edle electrodes 

'for intra-muscular recording and large area surt~ce_!lectrodes 

• 
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for extra-muscular recording. 'Great inter~st exists in this 

surface potential or surface detected electromyographic signal ( 
.\ 

(EMG) ~in~e it is readily available and can b~.useful in diag-
\ 

nosis or as a control signal for pro~thetics. From their 

studies of certain muscles of, the hand, Miner-Brown et al 

determined that the MF:s comprfsing a MU are scattered through­

out a volume ~f the muscle rather than localized in a bundle 

as was once believed. They also found that NUIs of different 

activation thresholds are located uniformly throughout the 

muscle. 

2 . 2 T r ad i t ion a 1 a R d S u g & est e d tvl e tho d s 0 fAn a 1 Y",s i s 0 f the HI G 

A photograph of ,a bi-phasic surface de'tected AP is 

shown in Fig. 2.l(a). We photographed this AP frum a storage 

oscilloscope trace o'f the E~IG of' the biceps at a low force 

level. 

forms. 

The EMG consists of the summation of many su~h wave 

Fig. 2.I(b) is a sample of the ENG as measured fiom 

the bicepi muscle at a moder~te liv~l of ~Qntraction. The 

activity of the antagonist (triceps) is also shown. In both 

measurements, the apparatus and electrode positions were a~-p 

. described in Section 2.3, and Chapter 4. .... 

In an attempt to qiscover a superior ,method of 

signal prosesslng of the EMG, a wide vari~ty of techniques 

have been employed with the goal of maximizing some or all 

of the following properties: 
~, 

(i) .,Long term reproducibility 

(ii) Short. term stabili~y 
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( iii) Sensitivity of processed signal to changes in the 

leVel of l11'lLsclc tensio'n, 

SuperIor signal processing allow~ ihe processed 9ignal f+o~ a 
& 

muscle site to be used either for discrete multi':'funct'ion 

con t r 0 1, 0 r t 0 b e use d for pro p 0 r t ion a 1 . con t r 0 J 0 f pro ~ t n e tti c , -, 
I • 

qrthotic and environmental control devices.' 
. ~, 

.Although many experimenters have, consJdered that 

the d u rat ion 0 fan act ion pot en t i aIm a y. va r y 'a sa' fun c t ion 

of the tension generat~d by the MU, Mil~er':Bro.wn et al '[2} 

ob s erv e d no S'U-,Ch t t~ hd e xpe r i ~n t a II y,~ 'Th ey a'r gu ed that the iT 

o~servatio~s, supported by c1natomical studies,' in4icate' that. .. 
motor,units of higher:t~itch tensi~ns . ' 

.... ... ..... 
do not po~ses~ more, 

rep 0 r ted [,3,]' "i\ a: t' the . . but r·ather larger, MF.'s .. It ha"s been 

rate o.f zero crossing of t~. EMG bea:;s no marked r~lat.ionship· 

to force. Sinc'e others -(deBru.in', 'private com~uni&tion, [~,.]) 
, 

ha v e had s uc c es s wit h p.eak' -'coun ti ng' t....ec.hni 'iu e s and sin ce Ou't' 
, .. .. ~.fI 

e'arly 'i~vestiga1Jons r-c've'aied them, to be 'poor, 'but not wi thput 

. , 

" . . ,~ . 
merit" we also studied th~se techniq.ue'S.' ·tn a: peak cotl'nt:i.~g. 

> .. ..... 

meth.oQ. only peaks of a p.eak-to-pea'k (P-P) amp'1i'tude- i:n e·x-cess' 

of a thr"eshold, which' is determi"ned by the noise in the mea ... 
~"lr 

surement 'system, need be 'considered. When'~P'~ summate they 

may pro'? u c ~ ~ n, . e f f e c t, i ~ e . 0 ~ f set' i n 1: h e E ~t G.' bas e 1 i n e 0 v ~ r . S h 0 ~,~ 
-, . .,. .' . ~ \ , ' " 

periods 'of ,\time. A zero crosslng' technique provides'p~or' re-
: ~ ~ .. ~ ~ t ...... "" 

suIts, in such an inst;~nc~ \'t'her'eas a peak cound.ng ~tccnniqde, 
" ' 

i s 1 e 5 $ 5 ~ V e r Ed y ,e f f e c t' e d . ) , t., .~ '\. • 
~._-.&- ~ .. /1 ~ ~ .. 

An appro~imate'mathematical) rcprese~tati~n'of'~be . , 

EMG fl..as been suggested [,5] whc;'e the activity ~Et-tG.(t-)) 
" . 

" . 

,; 

" 

/ 

J 



of an amplitude modulat~d noise signal:. 

(2.2.1) 

where c(t) is the ~odulation term and 

n ( t) i s the no} s e ~ rca r r i e r s i g n a]: . 

The mouulation term c(t) is related to the level of muscular 

tension and co.ntains Meful information to be recovered by 
" 

~ignal proce~sing. 

By applying such techniques a~ signal rectification 
". 

and low pass filtering, it is possible to retrieve some use-

ful information since c(t) has compopents of lower frequency 

than nCt). This is particularly true for the sit~ation, of , 

primary interest in this study, where the subject uses closed 

,toop central we~yous system control visual feedback) 
r' - , .... 

~ 

for voluntary exertion in the large skeletal muscles, such as 

the biceps and triceps. 

Many experimenters hav~ observed that the muscular 
J.; (> 

force and the EMG, which has been processed by rectification 

and 'ave,ragi ng 
II..' (RAVG); are linearly ~elated. In . such 'e~peri-

ments, various mH~cular tensions are investigate~ with. t~e 

subject maint,aining 'as constant a tension as possible. 
i 

~ntil 
! 

recently a successful explanation of this relationship has 

been elusive, Milner-Brown et al [21.have elucidated this 

situation by sugge~ting th~t the linearity is due to the 

exact na~ure of the contributions of recruitment and firing 
,.,. , 

rate of the MU's to the EMG. They were able to 'iso1ate and 

examine individual action potentials. They.observed that 

the' P - P a}Jl pi it u de (~i g . 2. 1) i 5 1 in ear 1 y rei ate d tot he are a 

, ) 
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under the wave form. The sum of such P-P amplitudes (SUM). 

should therefor~-,e related to the RAVG by a simple constant. 

Since the P-P transition occurs i~ ~ -fraction (0.3 

to 0.5) of the total AP duration and since tille P-P amplitude 
; 

is independ~nt o~ any ba~e line, SUM is less sensitive to 

any frequency components of base line drift which are within 

the amplifier's bindwidth, ~Wan fs RAVG. Furthermore, at 

higher force levels, the incr~ase in MU f.iring rate and the 

increase in the number of active MU's, due to the recruitment 

pattern, causes an increased probabilit~ that individual AP's 

will overlap each .other in time. This results in a decrease 

in the information concerning muscular contraction which is 

retrievable from the EMG, since it consisrs of the summation 

of many AP's. As the time i~terval involved in measurement 

of P-P amplitude is only a fraction of the total AP duration, 

the probability that AP's will o~erlap during a P-P transi-

tion is less than the probability that they will overlap at 

all. Hence the P-P amplitud·e is ress 'likely to be strongly 

effected by pverlap than is RAVG. For these reasorrs, SUM 

should prove to be ~ more reliable measure of muscular cbn-
.~ 

traction than RAVG, par~icularly at higher forc~ levels. 

The EMG has a random component (nCt)) and since it 

exhibits only short term stationarity, the type and time , . ..j 

constant of the filter used helps to determine the reliabil-

ity of tn~ resul~s. The work of Kreifeldt [7] demonstrates 

that of first and third order Butterworth and of third order . . 

averaging filters, the averaging filter lS superior. As will 
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be discussed shortly, the experimental method used in his 

~ssessment of filters causes the ~esults to be difficult to 
" . 
~~ 

int'~ret. Since we wished to use a digital computer for 
, 

analysts, it was decided to use the easily realizable aver-

aging filter. 

Kinesthetic studies performed by Neilson [6]; h~ing 

the goal of tracking imposed random angular changes in the 

subjects other arm, indicate that, for voluntary control of 
" 

the elbow angle, the significant spectral power is only in 

the 0-2 Hz. band of frequencies. Since we were interested in 
" 

mu'scles which control elbow angle and we wished to find a 

signal processing method providing a signal suitable to con-

trol tasks of· a voluntary rather than a reflex nature, it 

was decided, having considered Neilson's results, that a 

filter time constant of o.s se~onds would allow a sufficiently, 

rapid system response: In addition, a 1.0 second filter time 

constant was utilized to note the degree of improvement of 

results as'a function of the filter time constant. 

The RAVG has been used with some success by several 

experimenters. Dorcas and Scott [8] [9] have produced and 

clinically tested a three-state myoelectric control syst~" 

Bottomley [10] presents a scheme where both the protagonist 

and antagonist muscles of an agonist muscle pair are considered 

for cpntrol purposes. Kreifeldt et al [5] gives a mathematical 

formulation to predict the signal (the mean value) to noise 

(the standard deviation) ratio (SNR) of several classes of 

non-linear signal processors including the RAVG processor 



, l3 .. ,- • 

for the case where muscle tension is constant. This is done 

to determine the superior processor from the point of view 

of SNR. The SNR's predicted on the basis of Kreifcldt's 

formulation and those which he observed were markedly differ-

ent. 

One of the main reasons for th~s difference may be 

that in the formulation, it was assumed that'the muscular 

tension (c(t)) was a constant while the experimental arrange-

ment did not ensure this. To assist the subject in maintaining 

a constant tension, Kreifeldt presen~ed the smoothe4.EMG as 

feedback. When a rectified EMG is smoothed by a filter of 

short time constant, statistical fluctuations of significant 

. ~ 

amplitude will be present in the output signal and the output 

signal will not be an accurate measure of the muscular c9n-

traction level at each instant. The use of such noisy signals 

for feedback will make it difficult for the subject to maintain 

c(t) cgnstant and it is p~ssible that he will produce large 

oscillations in c(t). In his formulation, Kreifeldt assumed 

. - that nCt) may be represented as Gaussian noise whereas recent 

results [2J indicate that this is not necessa~ily true. Others 

[11] utili~ed the same form of feedback and found similar SNR 

(i.e. SNR ~ 2 to 4) when performing a study of the biceps-

triceps muscle pair. 

Althaugh the use of the net force for feedback is 

far superior to the use of smoothed EMG, a constant-net force 
, 

does not imply a constant level of muscular tension in an 

agonist muscle pair. • This is because the net force is the 
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difference between the force exerted by each agonist. 

Some experimenters have monitored the antagonist's activity 

and have accepted only signal sequences in which this activity 

is below an acceptable minimum. The author has found that the 

ENG for the antagonist muscle is usually too high to ignore. 

This may be due to antagonist activity or the detected signal 

may arise from the activity in the adjacent protagonist. 

Without the aid of needle electrodes to selectively monitor 

activity, it would be incorrect to assume that the antagonist 

is inactive. 

'For the upper arm, it is difficult to isolate the 

contributions to the EMG of individual muscles. The biceps 

brachii (BB) and the brachialis (BR) are both active during 

isometric contraction with the wrist supine. Due to their' 

proximity, considerable cross-talk may exist in the EMG. The 

primary extensor of the forearm about the elbow is the tri-

ceps. This muscle consists of three different heads, each 

active under certain circumstances but all active during ex-

tension against a resistance [13]. From the complexity of 

the situation; it is to be expected that electrode position, 

in part. determines the quality of results. 

of these muscles is given in Fig. 2.2. 

2.3 Overall Aim and Experimental Procedure 

An illustration 

A set of experiments ~as design6d to provide the 

fJllowing information: 

1) the perfor~ance of several si&nal proc~ssors. 
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BICEPS BRACHI! 

Medial 

TR.ICEPS BRACH!! 

Fig. 2. 2 ( con t ' d ) C r 0 S sSe c t ion 0 f U P per .'\ r m 
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2) the effect of electrode position on the quality of the 

results. 

The necessary hardware and software were developed 

(Chapter 4), [16]. Due to a lack of time it was impos$ible 

to perform exhaustive experimentation or to perform experiments 

on more than one subject. 

Our study was of the EMG of the muscles of the upper 

~ 

arm in a condition of isometric contraction. To maintain as 

constant a torque as possible about the elbow joint, visual 

feedback, related to the net force as measured at the wrist, 

was used. The force transducer has such a high SNR that the 

statistical fluctuations in the output due to noise are small 

compared with the actual fluctuations in force. 
• 

Thus it is 

a reliable signal to use for feedback. This eliminates the 

problems encountered when signals of a low SNR, such as the 

rectified and smoothed EMG, are used fo;~feedback. The 

negJigible time constant of the force transducer, with respect 

to the frequencies of interest, ensures that, unlike some 

signals, such as the processed EMG, the feedback signal is 

in-phase with the variable which is to be controlled. 

With the net force as constant as possible the EMG 

of both the flexors and of the extensors was monitored using 

two small, source attached (i.e. physically near the surface 

electrodes), high gain, differential input instrumentation 

amplifiers. 'With the aid of a NOVA 830 minicomputer equipped 

with an AID unit, disks and supporting RDOS (Real-time Disk 

Operating System), large scale signal sampling and data storage 
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was possible. Each experiment consisted of several ten sc-.. 
cond intervals during each of which the subject exerted a 

constant force at some particular level while both of the 
, 

EMG signals and the force transducer signal were sampled. 

The range of forces used was 'approximately -8.0 to +10.0 KJ; 

where a negative force extended the forearm and a positive 

force flexed it. One great advantage of storing data is that 

the relative performance of the various signal processors can 

be assessed utilizing identical~input signals. Further infor-

mation concerning the apparatus 'and experimental procedure 

is presented in Chapter 4. 

Each EMG signal was processed separately, thereby 

producing a pair of values for each successive 0.5 second 

period (window) for a particular processing technique. These 

values are referred to as "DISTILLED" 'thita. The value per-

taining to the flexors is referred t9 as I'B " 
I 

(biceps) and 

that pertaining to the extensors as "T " RI (triceps) . 

considering these values as coordinat~s in a plane, clusters 

of data associated with each force level can be obtained. 

This two dimensional approach immediately suggests 

the use of bivariate statistical analysis as a means of de-

fining suitable areas on the plane to enclose clusters of 

data. For a normal distribution, the two~dimcnsional mean 

and the standard deviations about the mean in each dimension 

may be used to construct isoprobability ellipses [12] in the 

plane for each force level. In Fig. 2.3 such an ellipse is 

illustrated in dashed lines. The mean of the BI data is 
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Ellipse of minimum area 
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referred to as " 11 " 
I' EAN B while that for the TRI data is 

" , 
" 1.1 II 

I' EANT . The ~tandard deviation about the mean of the Bl 

d a t a is" S D VB" w h i 1 c t hat f..o r the T RId a t a is" S 0 VT" . The 

axes 'of the ellipse are drawn parallel to the coordinate 

system's axes and each are two standard deviations in length. 

The probability that a given data point lies within the ellipse 

associated with the particular force l~vel is 68%. 

To maintain a constant force when the antagonist 

muscle increases tension, the protagonist must increase its 

activity. These ~anges \."ill be evident in the DISTILLED 

data and cause a simultaneous increase of hath ME~NB and 

This increase may not be linear. In such a situation, 

it is possible to define another ell~pse with an axis along 
, 

a line intercepting the BICEPS axis at some angle (A NGLl ) 

which has a distinctly rdduced area as compared with the p~e-
" 

viously defined.ellips~. This situation is .illustrat.ed in 

Fig: 2.3. The line Ll ,is one axis of t.his ne\.; ellipse while 
\ 

, . ali n e' p e rp e n,d i eu I art a ~ t, pas sin g t h r 0 ugh the t \~ 0 dim ens ion a 1 . 

\ 

mean, is the ~ther axis .. The standard deviation measured along 
. 

LI is ItS· .. 'while 
DVBN . 

that measured a~ong;the othe~ axis of fhe 
. ) 

ellips'c is "S " DVTN . En addition, i tis .p 0 $ 5 i b let 0 c h 0 0 5 e 

• ANGLI so as to minimize the ellipse area. Fur~her information 

and the mathematical relationships defining these s~atistical 

'p a ram e t e r 5 are pre 5 en ted i 11 C hap t/ r 3 . 

The \;tse of statistical parameters to define suitable . ~ 

reg ion 5 toe 11 c los e d a t a c 1 u S t e r san d the li'S e 0 f the e 1) 'i p s e 
, 

of minimum area provide two advantages. Results arc easy to 
... - , ' 

........ 

\ 
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interpret anp excessive development time is hot necessary 
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since calculations are comparatively uncomplicated. Consid-

erable complexity would be involved if ~egions'of a general 

shape were used. 

For reasons to be discussed in Cha?te~ 5, the measur~d 

distributions are often not normal. However, i£ the data for 

different experi~ents may be assumed to be statistically inde-

pendent, the distribution will ap'proach a normal one when the 

results of a large number of experi~ertts are comb~ned. For this 

reason, it was decided to meas~re certain paramete~s associa~ed 

with the higher moment~ of the distribution. These parameters ar~ 
.r... 

.... 
described in Chapter 3. A linear regression to the data was also 

performed and the regression co-efficient (r) was calculated. 

\\fhen I'rl ::: 1, the data has a marked linear trait. In such a case 

the linear fit is useful in determining how MEANB and MEAN~ vary, 

at constant force, for different 

di'd n'o't have .time ~nvestigate 
muscle contraction levels. We 

~his variation, but certain 

suggestiorl's ate made .(S·ecti~n 6.2) concerning this. 

If a distribution is not normal the probabilit~ of 

the data lying within the appropri~te ellipse'of a given size 

(where size ref~rs' t'o its 'axes dimensions me<;lsure~ in units of 
-') . 

Snv'BN and SDVT'N) is d.ifficult to assess. It also implies that 

elii~ses are not necessar~;y isoprobability surfaces. ,Because of 

·thLs, it was necessary to count the perc"entage of dat,a points 

actually lying wi~hin ad ellipse to obtain a measure"of the con-., 
ti.dence. 

If an ellipse is enlarged, a higher percentage of ,.-
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data points will lie within i~. All ellipses were allowed 

to enlarge in unis6n and overlapping ellipses were di~carded. 

in order to retain as many distinct regions as _possible- with 

the restriction that 'as .high a reliabtlity as possible was 

Ba s ed ~;pon t he above con s.iAer\t£~ns, 'a C'~~ t erion 

was estab·lished 'by wh.ich the relative performance"'f the 

v a rio U s s i g n a 1. pro c e s, s i h g ~ tho d S co u 1 d b e ass e sse d . The 

superior s~gnal processing method was chosen as the one which 

permitted the definition of the largist number of distinct 

ellipses with the condition that the ~ve~3ge percentage of 

Dr STILLED data po i~ ts Wit·h.~n these f1-iP se; be g rea ter than 

9~%. , 
\. . , , 

T his was con sid ere d t 0 b e a use f tl r cor i t e r i ~ n 'f 0 r 

assessing the performance of the sig~al'processing methods 

sinc\ the definition of many distinct levels permits th·e , 

realization of many unique control funct~ons. f~om ~ne ~u~Gle 

pair. It has been argued\that it is inefficient,to use both 

agonists in one control unit since this prohibits the indc-

pendent use of each for simultaneous. con~rol of two functioni. 

Developing ~ndependent muscle control. requires more training 
, ~ , 

whe'reas in our method, in '\-lhich. the subject"~xe'rts a ,d-esired 
, 

net force~ natural muscle usag~ ~s maint~ined. Also, as we h~v~ 

o b s e r v e d ( Sec t ion ? 6) 'm 0 red i s t ~t\ C. teo n t r 0 lIe vel s are d e fin a'b 1 e 

using t~~ propdsed t~o-dimensicnal scheme, than by ~o~sidering 

t~e ai~nists independ~ntly. 

Although many e~perimenters (5) (11) h,ave nO,ted· th~ 

imp 0 r tap ceo f the S N R ina sse s sin 8 the per for man CE'O f s i 8,{i a 1 

// 
I 
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.,' , 

proccssini te~hnlques, the -s c n sit i v i t Y aft h c v a.r i a u s met had s ' 

s h au, i d
t 

a 1 s abe C 0- n 5 i d c red . 
, " 

The abave'pr~~~ddr~ in~ar~arates 

, .. 

~both o"f tn~se features. ExaJninatio,n of t}\~C SNR in our e~ .. perl-i- +. 
\~\ ~ ~ -.r " 

, 
mentation reveal~d whether'ar nat the &NR, in ,it~elf. proV"ided 

a uscful parameter with which t~e relativ~ pcrfaiman~;'?f: 

signal prace.ss,ors may be exarnin-cd (Sect ian 5.:0. ' 

It was decided to. .employ d~t:;t' .fi'ltering \'l:lndows 

.. ' 

'. .. 
of both 0.5 and 1. b .secands and t~ examine a tota'l of e.l,C've.n 

different pr6cessing meth~ds. 
, ,. . 

rhe vaFious' power and somc'of .. 
the root law detectors Q-xqmined. by Kreifeldt, [5]: \>lere includep 

. , 

in t h'c s i u d y . As ,wa"s'mentioned oarlier, the, met~od of peak ... 

co u n tin g \V as' a 1 so 0 -f in t e; os t . Net hod S U 1-1, • <! P P ! i edt 0 bot h 

the s i g n aI' and the i ~1 V e r t e cl s i g n a'l , 'was 'i n v est i gat e cI . I t 
~ " ~ , 

was' n e c e s sa r y toe x ami neb 0 t h the s r g n"a'I' . a n, d the' i n v e r tea' 

signal 
, 

t 0 a s ~ crt a i 'n 
. . 

if a ,s'u-pc-rioT performallcc' is 0.b,taine4 

£o~ one .of· them us; ng the peak detecting 'method .a.s desc'iibed 

t t· was a 1 sod c' e ide d toe val' u a t, {) ~ h <: . p e r/o r m a f1 c e 

of a series Of 'metho~s }-Jherc the Sum of a po.wer o~ t~e.·P'-P 
• >~ 

ampl~'tb"dc 1s d:c.terminp.,1 over ,each ,dat.a,wi,ndpw. , Fur t he'r dis-

" ~ • t. ,,~ 

eus-sion of- the signal pr,o-cessing ,pl.cthods ·s:t.udied is' giv~) 
. , , 

in Chapte:r '3 and a su'm.mary of t'})ese. method,? is given, in. TABLE 

3.1. 

, " 

., 
, . , -;:;. . 

Due- to time- liin'ita.tions it \ ... as ~bt possible. to st';ldy 
\ 

othev promising signal processin'g te.chniques 'of recent interest. 

" 
T~c potential ?f ~ime series 'analysis teehn~qu~s has b~en 

' .. 
~~DP~strat~d ~~ Graupe et al r~4]. 'A simple.techuique dif­

feren~iating between muscular actions fo~ ~djicent muscles' 

.. 
\ . 
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wit h' 'h i g her 0 S S - tal k bye 0 n sid e r i n g s i g n til. ph a s e . has bee n 

described (15). 

. , 
" 
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CHAPTER 3 

MATHEMIbTICAL FOR~IULi\TION 

3.1 Signal Proc~ssing Methods 

EI~ven different signal processing methods are 

cohsidered jn this s~udy. These methods and their mathe-

matical definitions arc pr~sented in Table 3.1. The fol-
( 

lowing obseryat~ons and definitions should help to clarify 

the information found in this table. 

3.1.1 Power'law processors: 

);' 

A total of five power law signal processors were 

examined. Analog equivalents of these processors wo~ld 

consist of a full-wave rectifier followed by a non-linear 

,gain clement followed by an averaging fiJter~ T his i s i I' I -

ustra:ted in Fig. 3.1. The signal x(t) is first rectified 

providing an i~put of jx(t) I to the non-lin~ar gain element. 

The output of this non-linear gain clement is (lxCt) I)n. The 

ide,al averaging filter, as indicated in Fig. 3.1, produce'S an, 

output which is the time average of it~ input signal over the 

interval T. Such a processor may he realized on a digitql 

'computer u~il~zing a ~igh level language su~h as ~ORTRAN with 

minimal effort. 

. " 
2S 

. ~ 



NETHOD 
NUMBER 

1 

2 

3 

4 

5 

6 

7 

Table 3.1 Signal processing rneth~d~emp)Oyed 

DESCRIPTION 

Sum of all peak to peak signal 
excursions over a window which 
exceed FNOISE' 

Rectified average of signal 

Average of fourth power of signal. 

Average of second power of signal. ~ 

Ave~age of "alf power of rectified 
signal. 

Average of quarter power of 
rectified signal. 

Same as #1 but as applied to 
inverted signal. 

~ 

MATHE~~TIeAL DEFINITION 

Pee 
.I (PTOp(i)) 
1=1 

[
INB ] 
i~lIX(i)1 IINB 

[
INB 41 iL (X(~).) , IINB 

[
INB 2] 
iL (X(i)). (I:B " 

NB I, 

[
I l iL (IX(i) I)~ IINB 

'1 . 
NB k ~ 1 

fir! (IX(i)I)' IINB 

Pee 
.L (PTOp(i)) 
1=1 

." 

ABBREV lATE!) 
NAME 

SUM 

RAVG 

FP 

SP 

HP 

QP 

SUM 

;> 

AP P L I ED . sr-""'- -.~.-­

PROGRANS: 

DISTILL 

DISTL2, 
DISTLS 

DISTLS 

DISTLS 

DISTLS 

DISTLS . 

DISTLS 

N 
0' 



METHOD 
NUMBER 

8 

9 

10 

11 

\ 

Table 3.1 

DESCRIPTION 

Count of all peaks of height> 
FNOISE for the inverted signal. 

Sum of the square of peak to peak 
signal excursions for th~~inverted 
signal. ~ 

Sum of the peak to peak signal 
excursions raised to the power. 
of 3/2, for the inverted signal. 

Sum of the peak to peak signal 
excursions raised to the power 
of ~, for the inverted signal. 

(continued) 

MATHE~1ATICAL DEFINITION 

Pee 
iII (Prop (i))2 

Pee iL (PTOP (i)) 3/2 

Pee 
iL (PTOP'(i)) ~ 

ABBREVIATED 
NAME 

pee 

SMSP 

~ .. ~\" 
I!. ~ , 

I, 

SMlPS 

SMHP 

APPLIED BY 
PROG!W1S: 

DISTL5 

'tHSTLS ;.-

DISTLS 
) 

DISTLS 

N 
-...j 



Full 
x (t) .. II/ave 

,,- Rectifier 

-

/ 

:-.lon Time 
liCt)1 \ linear Clx(t)l)n Averaging 

., Gain t 7' Filter* 
element 

+ Logarithmic and anti-logarithmic amplifiers 

are used to produce th~ desired transfer 

function [5], 

* H. Garland 

"A State Variable Averaging Filter for I, ~ 

. " Electromyogram processlng. '. , \ 
'~, 

;..led. & Biol. Eng., Vol. 10, pp. SS9-S60~ 

(1972) . 

* 

Fig. 3.1 Nonlinear analog-signal processors 

It . 
~ Clx(t) I)n dt 

t-T 
\,. 

.r 

N 
00 
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For dig~tizcd data, the input to the processor 1S 

.. 
a series of distinct samples (XCi)) taken over a measurement 

window of length T seconds at a sampling'rate of K samplesj 

" sec 0 n d . T h us, for Cl ned a t a 'Ii i n d 0 \V, a tot a ~ a fIN B sam pIe s 
,-.~ 
ar, recorde'd, where: 

INB = TK (3,1,1) 

Using digitized data, a pO'\oJer la\~ processor, of power n J 

which performs the same function as the previously described 
~ 

analog processor, does so by evaluating: 

"-

1 
INS 

INB 

2 
i=l 

(3.1.2) 

The mathe~atical definitions of the various power law pro-

cessors whlch we studied arc given in TABLE 3.1. 

3.1.2 The Peak Detector: 

A short FORTRAN routine designed to detect peaks 

and determine the peak-to-peak amplitudes was adapted from 

one written' by deBruin ( private communication (4) ). This peak 

detector monitors the slope of the signal for changes. t.rhen 

a change of:~lope occurs'the sequences of ' events depicted iri 

the floh' diagram ( Fig. 3.2 ) ensues. 

Initially, the value of the,-prev~ous slope (F pREV ) 

and the value of ihe previous maximum 
',- "\ 

(T~AX) are zero~' This 

pea~ detector searches for a positive peak or plat~au which 
. 

represents a local maximum that is greater than the cu~rent 

T '.1,-\ X • W hen", a m ~ n i mum i. s f 0 1I n d Cf t>1l ~ ) sue h t hat the' P - Pam p 1 'i -

t u d 0' j.~. 0 p ) i s g rea t e r t han apr e v i 0 u sly d etc r min e d n 0 i s e 
\ 



Consider first 'data value. 

Consider next data paint. ~-r---+-~-f Consider next data point. 

YES 

FffiEV=FPRES 

NO 

-Comment­
The current 
data point 
(x(i)) is a 
local maxi:rnum. 
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-Comment- >---iF PREV=F PRES 

The current data point t----­
(x(i)) is a local minimum. 

F :sF 
?REV PRES 

NO 

TMIN:::X(i) 

PTOp=TMAX-THIN 

The current 'pea~ is of a sufficient P-P amplitude to be 
considered in computing desired quantities such as SUM> PCC~ etc. 

Figure ).2 Flow Diagram of Peak Detector 



--
threshold (FNOISE)' the peak is considered to be of signi­

ficant amplitude. The P-P amplitude is: 

31 

(3.1.3) 

If PTOP is greater than FNOISE' the value of th~ data point 

cur~ently under consideration, which in this case is a local 

minimum, is assigned to TMAX ' This ~ssures that the next 

value of TMAX will be that of the next local maximum even 

though this maximum is less than the value of TMAX used' in 

calculating the previous value of PTOP ' 

3.1.3 Signal Processing Methods which utilize the peak 

Detector: 

Method SUM is simply the running sum, over the 

window of interest, of all of the PTOP values which are of 

significant a~plitude. The. total number of such peaks in a 

window is the peak count (P CC ). To investigate tqe effect 

of inverting the signal, the running sum of all of the PTOP 

values over the window of interest was also evaluated for 

the stored values after negation (SUM). Refer to TABLE 3.1 

for information on these, and on other, peak detecting methods. 

3.2 S~atistical Analysis 

. Analysis of a bivariate distribution reduces to 

two one-dimensional problems. The notation and the particular 

form of the equations presented in this chapter are similar 

to those used in the an~lysis programs [16]. These equations 

were selected since they permitted evaluation of all quantities 
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~,"" 

of interest after ~nly one pass through of the data. As 

illustrated in Fig. 2.3, the BICEPS axis is the abscissa and 

the TRICEPS axis is the ordinate of the coordinate 'system of 
r 

interest. The coordinates on' the plane of the DISTI LLEO data 
, . 

for the ith window of the force level under investigation 

are: (BI(i), TRI(i)~ If N is the number of data windows 

analyzed for a force level, the mean and standard deviation 

for the BICEPS dimension ar~: 

N 
L (B (i))2 

. 1 I 1= 

(3.2.1) 

(3.2.2) 

Similar relationships exist for MEANT and S'DVT. Th.e area of 

an ellipse (AREA) with axes of lengths 2 SDVBN and 2 SOVTN 

(3.2.3) 

Since both 5 0VBN and SOVTN are functions of the 

angle ANGLl (refer to Fig. 2.3), the ellipse of minimum area 

can be determined by minimizing the product SDVDN SDVTN as a 

function of ANGLl . 'these standard deviations are calculated 

as follows: 

o 
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= -{ [N <C S
2 N N 

L (B (i»2 + 2 CS' SN. L BI(i) TRIO). . 1 I 
SDVBN 

1= i=l 

(N . 
N N 2 !:z 2 .L (T RI (i»2> - <CS L BI(i) + SN i~/RI (i

l> J} + SN 
~ 1=1 i= 1 

(N(N-l» 

(3.2.4) . --, 
I 

,< 2 N 2 '-",N 
N CS.L (TRI(i» - 2 Cs SN L'BI(i) TRI. (i) 

1=1 i=l 
SDVTN = ----------~------------------------------------

+ S 2 
N 

'where 

(N(N-l)) 

Cs = cos (ANGL1 ) 

SN = sin (ANGt1 ) 

(3.2.5) 

(3.2.6) 

From these equations, it is clear that AREA is a co~p1ex 

function of ANGLl . For this reason, an iterative technique 

was used to det~rmine ANGLl su~h that the change in the cal­

_culated AREA between successive approximations ~as less than 

0.01% and AREA was minimized. 

Other quantities of interest were the slope (SLOP) 

and the intercept with the TRICEPS axis (NTCPT ) of the linear 

least squares fit to the dat~. 
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SLOP ::: 

(3.2.7) 

. r B{ (i)l / N 
1= 1 'J 

r 

The correlation coefficient "r" \'1as al~o 'calculated. 

The range 6f values Nhich r assumes is = 0; I r I ~ 1. 

ITI approaches 1, the data has a strong linear trait. 

When 

'[, ~ B1 (i) TRI (i) - MEANB ,~ T RI (i) - MEANT I Bl (i) 
1=1 1=1 i=1 ,. 

r = 

(3.2.8) 

Certain normalized ~uantities can be calculated tq 

determine whether or no~ a given uni-d~mensional distribution 
• 

is Gaussian [17]. An estimate of the skewness, or lack of 

symmetry about the mean, of the distribution as measured 

along line Ll is ALPII3BN' 

ALPII3BN = 
Third central moment 

3 
(SOVBN) 

(along line LI) 

(3.2.9) 

If ALPH3BN ~ 0, the cli'stribution is skewed and the degree of 

skCNness is propor~ional to the magnitude of ALPH3BN' A 

similar relatipnship can be derived for the symmetry of the 

dIstribution measured alo~g the other axis of the minimum 

a.:rea ellipse. A measure of the kurto~is (or,peakedness) Qf 

. . 
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the distribution along line Ll is ALPH4BN' 

ALPH4BN = 
Fourth central 'moment (along line Ll) 

(3~2.10) 

For a normal distribution, ALPH4BN,=.3. If ALPH4BN > 3, t~e 

distribution is som~what more peaked than the Gaussian distri-
, , 

bution. A similar relationship can be derived to measure the 

kurtosis of the distribution along the ellipse's other axis. 

The expanded forms of the equations for ALPH3BN.and ALPH4BN 
, 

can be found in many texts [17]. 

\, 
u 

3.3 Determination of the Percentage of Data Points within 

an Ellipse' 

Once the codrdinates of the foci of aD'elli~se are 

known a simple test may be used'to determine if some point 

"P" having coo,rdinates (BICi), TRIO)) lies on or within it. 

The two foci, ,"Fi'" and "F 2 ", are loc.ated o~ the ellipse's 

on or ma~xis. (Refer to Fi'g. 2.3.) 

w. i t h \ n \ t he ell. ips e i· f the ;f 0 11 ow i n g con d i t ion· hoi d s : 

\ LI + L2 ~ 2A (3.3.1) 

where A is one-half -of the length of the. ~~jor axis of the 

.ellipse (For Fig. 2.3, A = SDVTN), Ll is the di"stance" from P 

to Fl and L2 is the distarice from P t? F2 . 

If the coordinates of FI are (F IBI , F ITRI ) and 

those of F2 ~~e CF 2gI , F 2TR1 ). Li and. LZ may be evaluated 

with the aid of the PYJhagorean thaorem: 

c 

r 



.. 

.. 

, 

\ 

2 
" 2 I~ '" Ll = [B

r
(1) - FIB I) + (T RI (i) - F 1 TR I) r.z 

(3.3.2) 

LC B I (i) 
2 

(TRr(i) 
2 !.: 

L2 = - F 2 B'I ) + - F
2TiU

) ]2 

The coordinates of the foci of an elliEse may be 

calculated by using the following relationships~ 

F2~I = MEANB - F cos(~l) 
(3.3.3) 

FITRI = MEANT + F sin(SI) 

F2T~I = MEANT - F sin(Sl) 

wher~ F is the distance between either of the foci and the 

bid'imen5ional mean so that: 

(3.3.4) 

where B is the length of the minor axis of the eilipse (For 

Fig. 2.3, B = SOVBN) and, where ~l is equal to ANGLI if 

'~OVBN ~ 5 0VTN ot it is equal t~ ANGL1 + i if SOVBN < SDVT~' 

Onc,e it is possible to determine if a particular dat'a point 

',' P " 1 i e s wit h ina c e r t a i n 7 I lip s e. the c a leu 1 a t ion 0 f the 

percentage of data poin~s lying'Mithin the ellipse is straight-

forward. As ment.ioned in Chapter 2, it is usefu,l to 'allow 

the isoprobability ellip~e~ to enl~rge so as to increase the 

peT c e n tag e 0 fda tap 0 i n t s' 1 yin g 'w i t h i' nth em. . '. 
An ellipse 

enlarged by a fac'tor "PUFF" wi,ll have axes len.gths of PUFF 
, . . 

By expressing A and B in the previous 
" 

equations in terms o£ PUFF SOVBN and'P~FF SOVTN' a mpre 

suitable form of the eq~ation is obtaine~ .. 

As ellipses enlarge; they overlap. Since it is 

, , 

) 



des ire d tor eta i non 1 y dis tin c t' 0 r non - o-v eT 1 a' p pin g reg i 0 r:t 5 , 

one 'el(ipse'of e~ch ~air of ~verlappin~ ellipses m~st'be 

;5,7 

discarded. Therefore, it is necessary to ~etermine when two 
~ ; , 

, 
ellipses overl~R. " . 

Consider- ellipses J and I,' each enlarged by a factor 

Coordinates of the points lying on.ellipse I will have 

the following"range of values when the ellipse's' axes are . . 
used as the' coord'i'nate system:' . 

. ' (3.3.5) 

Iv ·1 "<' B YN =, 
" .. . 

where VXN'is the coordinate measured along the abscissa (the 
. ' 

e 11 ips e 's m ~ j 0 r a xis J ,a n d y Y N i s t h ~ . coo r din ate as measu~ed.r·-

. , 
along the ordin-ate .cthe ellipse's mir!or axis). 

'. 
By' c h 0 5 ~ n g a' val u e for Y X N' w h i chI i ~ 5 wit h in 1; h'.e 

,.. , 

appro,priat,~ limits, 
" , 

the twb values of VYN are deteim1ned ~s: . , 
. 

.. (3.3·(0 

The ·t W 0, F\ 0 i n t son the e I lip s e, in t his coo r din ate 

system are (V XN ' V~N) and (VX~~ -V yN )' To determine the . 
.. 

- c~ordin~tes of these points in the BICEPS-TRICE~S plane the 

transformations are used~ 

. ., 

r R J ('l) = V Y N $ i 'n ( ~ 2) , - \ • V X NCO s (Sf 2 ) + MEA N T 
~~ 

Bl (2) = VXN sin (~2) 

T R.I (2). = . - V y~. sin (~2) 

YYN cos(.2) + MEANS 

). 

V XN C~2) + ?11EANT 

(3,'3,,7) 
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where '2 ts equal to AN~Ll + : if SOVBN > SDVTN or it is 

equal to 0 if SDVTN > SOVBN and ~here the transfo~med coor-
I 

dinates of the point (V XN ' VYN ) are (~~(l), T~I(I)) while 

those of point '(V XN ' -VYIf'"J are,(B 1 (2), TR1 (2». 

Now that the coordinates of the point~ on ellipse 

1 are known, equations (3.3.3) may be used to ~ind the foci 
" 
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of ellipse J. To determine whether or not the point (Br(l), .' TR1,(l)) or (8 1 (2), TR1'(2») lies within ellipse J, condition" 

\; -.(,3.3.1) is used. 
, " 

In pract~~e, it has been found that if sixty-four 
, ~"' I 

~points are used to approximate the Ith ellipse, it is possible 

.to d~termine the PUFF factor at which t~o ellipses first over-
, 

~iap to withi~ a r~solution of ±O.OS. Since it was observed 

t hat' the per c en tag e a fda tap 0 in t s 'w i t hi n a I?- ell ips e i s not 

a rapidly varying functi~n of PUFF ~or the valu~s of interest, 

this resolution was considered to be sufficient. In circum-
, I 

" 

stances whereS DVBN and SOVTN 4iffer by many orders of magni-

\.., tude (this.,oc<;urs only for power law detect~rs of high power) 

it is. necessary _t~ use dCluble precision through'out these cal-

4: cul.ations . . , , 
3.4 Discarcling' Eilipse~ , 

Lt is nece~sary td discard one ellipse of a p~ir 

overlappi~g at apa~ticula: PUFF value. Two conditions must 

~e met ~hen discarding 'el,~ipses: 

,. (i) The:elliJ?se corresponding to the force level of the 

resting arm may not b~ discarded as it 'is essential in 

I 

"\, 

\ , 

',; 

" 
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, 
any practical situation. 

(ii) Of" all the possi~le sets of ellipses which may be dis. 

carded to-eliminafe overlap, the one discarding the fevest 

ellipse,s is to he chosen as it maximizes_ the number of 

distinct levels. 

T h n irs t con d :t' t ion -i sea s i 1 y met:. It demands that-
',. 

hny elli~se overlapping the eliipse representing. the resting 

state, is always discarded. The second condition can be ex-
< " 

pressea in mathematical form. 

Considet that 'at some value of PUFF' the number of 

ellipse pairs which have overlapped is "nil; These ellipses 

are each denoted by a "level number" between 1 an.d K, ·where 

K is the total number of force levels considered. Let the 

level numbers of the elements of- the .eth pair of overlapping 

- . 
ellipses be KFpCt) and ~Spce). The n conditions w~ich must 

be met, -1;.0 a,:,oi'd dverlapping are: 

or KSpC.e) be discarded*~ 
.e.=l ~ 

(3.4.1) 

~If KFpCl) or KSpCt) is the force level for which the arm 

lies resting then the oth~r level of the pair i~ discarded. 
t 

, . 
Utilizing Boolean notation; the~e n ~onditions may be expressed 

as one: 

(K FP (2) + ~sp(2») 

(KFP(n) + Ksp(n» . (3 . 4 .. 2) 

'~his condition'may be written i~ the form; 

Discard (KFP(l) 

• K' (2) • 
SP 

• 

: KFP(rt-l) • KFP(n») 

. KFP(n-l) • KFP(n») . 

(3.4.3) 
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To satisfy this condition, it is necessary to disca~d any 

one of the set of logi,cally anded elements. If the mth such 

group of elements is denoted as P(m) then (3.4.3) becomes: 

Discard P{l) or P(2) or ... or P(m) or ... or P(j) 

(3.4.4) 

where, clearly, j = 2m. Although 2m products exist, many of 

them are 'identical. It is also not true that each product 

must contain m unique elements~ since a particular ellipse 

~~y occur in more than one of the. m pairs. 

Therefore the problem involves the selection of a 

product P(m) which is one of the group of unique pr~ducts 

having the minimum number of unique elements. This logically 

simple process is practically impossible to perform ~ithout 
-

the aid of a digital computer when K is large (K was t},:pically 

23 in our experiments) and when m is large (common values of 

m were in the· range of 30 to 50, i.e. 30 to SO pairs of over-

lapping ellipses). 

" 



CHAPTER 4 

MEASUREMENT AND ANALYSIS TECHNIQUES 

This ,chapter will review the design considerations 

and describe the necessary hardware and software as well as 

the repertoire of experiments performed in this study. An 

overall view of the data acquisition, storage, analysis and 

display system is presented in Fig. ¢.3. Further detailed 

information regarding the hardware and software can be found 

in a tochnical report of this work [16]. 

4.1 Data Acquisition 

4.1.1 Electrodes and Amplifiers for the EMQ: 

To obtain high quality, reproducible results, care 

must be taken with signal measu~ement and amplification. The 

type of' electrodes and the natu're of the experiment determine 
L 

the appropriate amplifiers. Dry surface electrodes were 

chosen since ,they require less preparation and cause less skin 

irritation than wet surface electrodes. Coin silver electrodes 
" 

of diameter 1.7 cm. were 'constr'ucted by grinding one face of 

a pre-1967, silver Canadian d~me to a smooth ,surface. A le~d 

was soldered to the other side for elecu,rical cqntact. 

Electrode preparation prior' to experimentation involved , 

. 
41 
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cleaning the ground surface with a fine emery paper. A 

similar arrangement was used by Geddes et a1 (18) who determined 

that the resistive components of such electrodes (R) v~ry 

with time (t) in the following fashion: 

R 1284 e- O. 34t KQ + 66.3 KQ (4.1.1) 

• 
where t is time in minutes and t=O corresponds to the time of 

"-
application of the electrodes to the skin. 

As can be seen from examining (4.1.1). R = 1.3 MQ 

at t=O and it decreases until, at t ~ 25 min .• R .::. 66 KQ. 

Such a great variation in electrode impedance will cause a 

varying proportion of the signal be appear as a potential 

across the amplifier's input impedance (z . ) • 
~ 

This produces 

the same effect as if R was constant but the amplifier's 

gain inireased with time. If z. is sufficiently large, these 
1. .. 

changes due to R are negligible. A centre to centre inter-elec-

trode spacing of 2.2 cm was chosen since it permitted con-

venient mounting of ,the electrodes on a foam pad beneath the 

epoxy encapsulated amplifier (see Fig. 4.1(a)). 
\ 

--A s~udy of t'he" power spectral density (p.s.d.) i,n 

the muscles of the h~nd, using bi-polar surface electrodes, 

revealed that significant spectial power existed only ip the 

" 

10-250 Hz ,band of" frequencies. Using similar electrodes to 

the ones whic~ we_used~ but with an inter-electrode spacing 

o f 3. 3 em. de If'!:' u in ( 4) 0 b s e r ve d t hat the p. s . d • 0 u t sid e the 

ban d 0 flO - I 0 0 II z was 1 e sst h a,n 15 % 0 f the m a x i mum. The 

zaximum was located at approximately 50 Hz. For frequencies 

g rea t e r t'h an 250 Hz, the p. s • d. '" a s 1 e sst han 2 % 0 f the 
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maximura ane! it diminished rapidly with frequency. 

The presence' of high valuq (200 my. P-P) line 

frequency potentials in a human subject w~o is not ext~ernely 

well grounded imposes difficulties. On certain occasions, 

these potentials were more than three orders of magnitude 

greater than the signals of interest. Such noise could be 

eliminated by filterini but this would cause considerable 
" 

signal distortion since the peak in the E~'lG p.s.d. is at' 50 

Hz. The traditional solution, and the one used in the pre-

v i 0 u s I '! "Ill e n t ion e J p. s . d. s t u-d i e s ~ i s tor ely 0 nth e com In 0 n 

mode rejection of a difre;.enti!ll .aPlplifier to reduce line 

frequency noise as it is primarily c~mmon mode. 

If the 'ampl'ifier is remotely connected to the 

electrodes by a standard coaxial cable, considerable poten- ~ 

tials of a wide bandwidth can be g~ncrated by cable motion. 

To reduce this problem, a spec~ally designed cable may be 
. 

used [ 2 I J or the amplifier may be located in close proximity 

to the electrodes [20J. 

Considering the above information, an amplifier 

circuit, based ~n a commerci&lly available integrated circuit, .' .... . 
was de~igned and tested.·, It produced,.1ow-noise high quality 

E!.IG IS. The specifications of this amplifier are given in 

TABL[ 4.1. Fig. 4.1(a) is a view of thi~ epoxy encapsulated 

anplifier sholV'lng the electrodes mounted on foam pads attached 

1:'J the encapsulation. A ~hird electrode, used as ground, is 

-also shown mounted on its own foam padded holder. The usc 

of a dry 'surface electrode as' a ground pr,ovidcs good isoilltion 



Active clement used for instrumcntation amplificr: 
'-

AD 5 2 I ;~ Din s t r Ul:l e n tat ion Amp 1 i fie r , A n a log D e vic esC 0 r p . 

(dual-in-line ~eramic package) 

Specifications for Instrumentation Amplifier 

Gain: 60 dB 

3 dB Bandwidth: 10 Hz to in excess of 20 KHz 

OIRR, 10 to 250 Hz: 

Input Bias Current: 
(either inputI 

Differential Input 
Impedanc~ (z.): 

1 

Common Mode Input 
fmpedancc: 

p 0 ~ ... e r Sup ply : 

110 dB min. 

40 nA max. 

±~ V (transistor batterie~) 

44 

Encapsulation: Casting resin~ Electrodes mounted 
on foam pad beneath encapsulation. 
Dimensions of encapsulated amplifier 
with electrode pads: 

4 x 6 x 3.5 ct}. 

Specifications of Instrumentation Amplifier 
followed by Gain Au~menting Amplifier 

Gain; 

3 dB bandwidth: 

R~S noise ~casured by 
monitoring the inactive* 
biceps muscle (referred 
to input): 

Selectable: 60-80 dB 

10- 1000 ri t 

11 \-IV 
. , 

* This in~ludes'noise due to residual ENG activity and dther 
physiological sources such as the EKG 

Table 4.1 Amplifier Specifications 



I 

Fig. 4.I(a) Epoxy Encapsulated Amplifier and the Surface Electrodes 

, 

Fig. 4.1 (b) E"lectTQde positions. (lateral view of right ~arm) 

'. 11-. 
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of the subject fro~ power line ground (66 Kn). It also pre-

vents damage to the amplifier's input terminals from large 

static potentials which May exist in an ungrounded subject. 

To achieve such a high z .• it was necessary to D.C. couple 
~ 

-
the electrodes to the amplifier. This is undesirable since 

i~ requires that a continuous current pass through the elec-

trodes to satisfy the amplifier's 1nput bias requirements. 

However, for our amplifier, bias currents were so low (40 

nA max.) that this was not considered a problem. 

4.1.2 Positioning of Electrodes on the Upper Arm: 

!~~ 
As previously discussed, some variation in results 

is expected as a function of electrode placement. The effect 

of electrode position on the quality of the results was e~­

amined at a total of four different positions for the flexor 

signal and at one position for the extensor signal. This 

procedure was adopted since preliminary.results were inferior 
') 

when the flexors were primarily active as co'mpared to the 

case wher~ the extensors were the protagonists. Furthermore, 

a marked variation in the quality of results for the flexors 

was observed with electrode placement. 

The electrodes used to monitor the extensdr signal 
~ 

were placed over the crest of the triceps muscle. Electr6de 

,pOSition Po for the flexor signal was chosen as the crest of 

the biceps muscle while the three other positions (PI' P 2 , P 3 ), 

were centred along the horizontal line joining ~O with the 

electrode position for tIle extensor (P E) ~nd located on the 



?ig. 

Extensor 
EMG 
Amplifier 

Flexor 

4.I(c) Positioning of the Flexor EMG Amplifier and the 
Ground Electrode (Medial view of right arfu) 

Flexor EMG 
~:l·"""'----Ampl i fier 

41 

Fig. 4.I(d) Positioning of both EMG amp-l·ifi.e,r.s_ LL.a!~.ra~ view 
of right arm) 

'.' 
.~ ... 

\ .. 
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lateral aspect of the arm . . PI' P2 and P3 were located at 1/6. 

1/3, and 1/2 of the distance from Po to PE , away from PO~ res-

pective1y. Fig. 4.l(b) shows the actual electrode pos~tions. 

Fig. 4.l(c) illustrates the positioning of the flexor ampli-

fier and the ground electrode on the arm. The ground elec-

trode is located on the line segment joining~ Po and PE located 

on the medial aspect of the arm. Since this location is not 

over any large muscles. it should provide a good reference. 

It is not strictly required that the reference electrode be 

at an inactive site because the amplifiers employed have a 

high CMRR. A_ lateral view of the upper arm showing both instru-

mentation amplifiers in position is given in Fig. 4.l(d) . 
.... 

4.1.3 The Force Transducer; 

,An inexpensive force transducer was designed and 

constructed using strain gauges in a balanced bridge configura-

tion. The strain gauges were mounted on a flexible steel bar 

w hi c h was clamp e d a ton e end but f r e e to 'm 0 v eat the 0 t.lh e r 

(Fig. 4. 2(a)). A force exerted at the free end causes an 

,elastic deformation of the beam producing a change in the 

strain gauge's resistance which re~ults in an imbalance of 

the bridge. With the appropriate electronics, this imbalance 

may be measured. The' prop ert ies 0 f ,the force t ran sd ucer so 

constructed are presented in TABLE 4.2. 

During e~perimentation, ,the arm is lP'osi,tio~ed as \ 
\ ~ 

shown in Fig. 4.2(b). Th.e, el~oW' 'is' rc'sting o~ a padded 
J .... -- .. ~-

shelf. Tbe.w~rst is in a collar which is used to ex~rt a 

foi~;: during isometric coritraction. against t~e res$~tance . 
" ~ . ~ 

• t '''. 
, ' 

". ~ ... 
.. ., . ,. 

, " 

• 
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F1'.:. tl.2(a) Force Transducer • .. 

Strain 
Gauge 

\ 

. oj - ~~:~.J 
," .. ' .... . 

~ig. 4.?(b) Position of Arm During Experimentation 

L . 

.~ 

" 
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so 

. 
RANGE Of l'lEASUr.EHE~T: -7.8 Kg. to +11.0 Kg: 

OUTPUi VOLTAGE: 

where: Fr is the nct force in v :\og. 

SENSITIVITY: 

tlAXHtUM UNCE~TAINTY*: 

exerted on the bean at 
the poiu~ of m~asurement\· 

y O'F F . i s a I;l ad jus tab 1 e 
, , 

offset voltage 

Change _in VOUT 
Change ir:!- Fr 

= 0.5 V/.Kg. 

·.t6% where: o < I F r I';; a . 5 Kg. 

1. a Kg. < 1 F I :: r 

* This includ@s e~ror due to.calibratibility. linearity, long 

"term drift and short term drift due to metal creep. 

" . .. 
\ \ 

Table 4.2 Properties of Force Trans~ucer 

• 

.. . 
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of the force transducer. The e.lbow j oint ,angle is ,main~ined 

roughly at ninety degrees h~ using ~he right angle of the 

.elbow rest. as a reference.' As different forces are ex·~rted,. 

the bar bends and it is 'necessary to ~djust the ~ertical 

position of the elrbow pad to maintain ~he de'si~ed' eJbO\i angle. 
'. 

If adjustments ari made SQ t~at for a particular measurement~ 

VOPF = -0.5 FD volts (4.2.1)' 

where FD is ,he, ,desired force in Kg., then VOUT will be zero 

volts whdn th~t particular force is exerted. This permits 
'\ - ) 

the use 0 fan 0 sci 1.10 s cop eon a hi g h 5 ens i ~ i v· i t Y set tin g ~ 

( 2 ~ 'mv. / c m ~ i. e . 4 0 mg. / c m ~) top r 0 v ide vis ~ a I fee d b a c k to 
, 

~he subject, thereby achieving the desired ~egree of cbntrol-

abili~y. l:J sin 'g t his met hod, the sub j e c t \i as. a b let 0 J:l a i n t a i n 

such a const~nt force iha~ the standard'deviati9n~ w~re 1-2% 

of the means th~oughout the force ra~ge of'measurement. 

I,n a typical exper.im'ent, a total, of 23 different 
, ' 

force levels were used. It was necessary to take the weight 
. ' 

(N) of the resting f~rearm,. as measured at the wrist, into 

account. Th~se twen~y-three forc~ levels are presented in 

TABLE 4.3 with associat~d force level numbers. At any level, 

'the contribution to the measured force by the mu~cles of the 

up per arm iss imp 1 y the tot a 1 for c e m e-a sur e d p 1 u s \'1. Force 

level #ll,.~or which the net force is -W, is the'resting 

position. 11hen the net force is 0.0 Kg. , the \ieight of the 

forearm ~s supported by the flexors. 

For very high force levels, 2.0 Kg. increments in 

'force were used bet,,'~en .levels; while 1 .0 Kg. increments ,.,ere 

• 
" . 

! 
I 

, . 

\ 
" 

" ~, 
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FORCE LEVEL NU~tB'ER FORCE (Kg.) , 

0 , 1 -(7+\'1*) ...... ~ 

2 - (6+\'1) 
" 

3 - (c5+ W) 

4~ -(4+W) 

5 - (3+\.'1) 

6 -(2.5+W) 
-

7 - (2 .. O+W) , 

8 -(1.5+W) 

9 - (1. 0+,\'1) . 

10 - (0. 5,+W) .. 
11 -IV 

12 . 0 
~ 

13 0.5 

14 .1 ' 
" 

IS 1.5 

16 '('> 2 

17, 2.5 

18 3 

• 19 4 

20 
l 

5. 

21 6 

2? 8 .-

23 10 

~ , ~ 

measu'red *: w· re'pres~nts the weight of the resting forearm as 

a't ,the wrist 

", 

Table 4.3 Force Levels 
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employed at moderate force- levels and 0.5 Kg. inGrements ;it .. 
low force levels. Thes~ increments were chosen since fine 

.. 
control of ~orce in absolute units is possible only at lower 

forces where many distinct regions can be defin~d. Larger 

increments are necessary at higher force levels b~cause, 

alehough the percentage controllability ~emains roughly con-

stant, the ab~lute controllability of force by the subject 
.' . 

diminishes. The use of low force levels for prosthetic con-

trol is desirable since 

cause fatigU~d E~G 
prolonged effort at high forc&~ may 

properties have been observed to alter 

in the fatigued muscle (19). 

4.1.4 Sampling and Storing of Signals 

The overall scheme of'sigt\al acquisition is shown 

in Fig. 4.3. The two EMG signals "and the si&nals from the 

for c e t ran s d u c era i e a ~ p 1 i e.d t 6 an -e i -g 1; t channel l2-bit AID 

unit· of the NOVA 830 minicomputer. This unit has a dynamic 

~ange of ±~.O volts. A flow diagra~ illustr~tirrg the soft-

war e. use din d a t a a c it u i sit ion and a l'} a 1 y sis' is pre sen ted in 

Fig" . 4. 3 (b ) . 
i 

Pr'ogram DAl'AKE is an interactive' progratn which com-
" . 

municates wit~ the user via the teletype (T1Y) , CRT (Tektrpnics 
\ 

4010 terminal), and D/A units. It accepts program ~ontro~. 

commands from the user over the teletype. With DATAKE, it i~ 

po~sible to acquire, store and examihe (utilizing the 4~channel 

D/A unit) data sampled, over a ten second sampling interval 

on three AID channels. All data collected during a"ten 

... 

.. 

.~ 

i , 

~ .. 
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Figure 4.) Da,ta acquisition, storage, analy~is and display system. 
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second interval is stored in core buffers and may be trans- l 

ferred to disk files for permanent storage. 

From the previously mentioned measurements of .the 

EMG's p.s.d., it is clea~ that the maximum frequency of 

interest is 250 Hz. In the present measurement system, even 

tho ugh no i s e f r e que n c i e s ,e x ten ~ e d bey 0 n d 2 SOH z ., the R. r:f : S . 

no i sew ass 0 sma 1 1 com par e d wit h the E r-I G s i g n a Iso fin t ere s t.,g 

that aliasing of this nois~ with the signal was not important. 
~ 

For this reason a 500 Hi sampling rate was considered,suf-

ficient. 

In a preliminary study it was observed that, 

although a small change occurred in the magnitude of values 

<l-
'as sampling rate decreased from 1000 to 500 Hz for the biceps 

Ei1G, no appreciable deterioTation in the SNR or in the 

sensitivity of th& processed values -to the force level, 

occurred. Rather than restructure the programs utilized 

in this early study, a sampling rat~f 1000 Hz was retained 

for ~he flexor~signal while one of 500~Z was u~ed for the 

extensors. 

From Neilson's measurements [6], it is clear that 

a sampling rate of 20 Hz is sufficient for monit~ring t~e 

force signal in this situation wh~re central nervous system 

voluntary control is used. It may also be true that some of 

the reflex neuxal network is used in maintaining the desired 

constant force over a ten second sampling window. Measure-

ments concerning such reflex systems [22] have been performed 

and it is observed that frequencie5 in excess of·l0 Hz are 

. " 
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present. During ,e,~p'e~i"9lentation .. _ i,t was possible to obtain 

an esti~at~·~f.the frequenc~~s involved in f~rce control by 
. 

Qb~erving the tlm~ ~6utse bf.~orce fluctuations using a storage 

os' c i lIas cop e. . Fro m t his, -it ~as observed that all frequeucies in 

~xces~ o,e.4Hz have amplitudes of le~s than ±10 mg,' This is insig­

nificant wpen compared to the forces of interest. 
. . I .. 
A typical' experime'nt co~siste~ of twenty-three differ-

~ force levels as des.cribed in Section 4.1.3. ' The number of ten 

. second data sampling sequences, or records, which were tak~n per 

l 

experiment was determined by the disk space available. Each 

record required 60 disk blocks for storage (one block is 256 
" , 

words). A 1.25 mega-word capacity, di~k ~ack was u~ilized~ The 

present e*periments inv~lved 48 records; two being taken at each 

of the twenty-three force levels and an additional two taken"with 

the muscle as inactive as possible. Ina~tivity was achieved by 

allowing the arm to hang loosely from the shoulder in a relaxed 

fashion (23). The two records of the inacti~e muscle were used 

to estimat~ the mea~urement\noise. 
4 . 2 Com put erR e a 1 :l z a t ion 0' f the Va r i~ u s S i g n alP roc e s s 0 r s 

The data stored on disk is analyzed by the various 5ig-

nal processing methods using data- windows of' filter time con-

stants of 0.5 seconds. The analysis is performed by one or more 

of the following programs: DISTILL, ~ISTL2 and DISTL5. TABLE 3.1 
. 

indicates the s~gnal processing techniques employed by ~ach of 

these programs. 
'-. . " 

The data acquisition system's gain is taken 

into account so.that a11 ENG data is sca1~d in mill~volt~ . 

referre4 to the electrode. 
", . 
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These programs are Lnteractive. It is necessary 

I 
to input"the nUr.lber of records to be analyzed (typically 48) 

and the desired force at each record. To reproduce the 
, 

actual net force, the desired force is added to the devia-

tions from the desired force which were sampled and stored. 

From these values, the,mean and the standard devia-

tion of the force are found and tabulated by DISTILL and 

DISTIL2. 

The nois~ thresholds (FNOISE~ for use with the peak 

detector are calculated from one of the noise records of the 

ENG from each muscle. FNOISE ~s evaluated as that voltage 

which is two standard deviations in excess Qf the mean P-P 

amplitude. These programs utilize either the calculated 

FNOISE or values of FNOISE entered by the user. In this \'Iay~ , , 

values averaged over many experiments for FNOISE can be 

entered. 

As depicted in Fig. 4.3, the results of these ana-

lyses are stored in disk files. This proces~ed data is re-

ferred to as DISTILLED data. 

4.3 Evaluation 6£ Statistical Quantities ' 1 
The many bivariate statistical quantities 'used, to 

desctibe the DISTILLED data as discussed in Chapters 2 and 

3 are evaluated by program STATSMAN for each of the pro~essing 

methods. STATS~IAN is highly interactive. It may be 4sed to 

plot ellipses,for the various force levels enlarged by a 

factor PUFF' to plot DISTILLED data separately or superimpos~d 

.. 

'. 

.,..,' . 
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over the plotted ellipses, to determine the PUFF factor 

necessary fo~,any pair of ellipses to first touch (where 

0.2 ~ PUFF ~ 3.2) and to calculate the percentage ?f DISTILLED 

data points lying within the enlarged ellipse associated with 

the same force level as well as the average and minimum of 

these percentages over several levels. The output format ~f 

the statistical results can also be chosen. 

If desi~d, the DISTILLED data and/or the evaluated 

statistical parameters c~n be restored on disk files, each 

capable of accumulating,data for up to eleven similar experi-

ments. STATSMAN utilizes'this accumulated data to produce 

the overall statistical parameters. When the tQtal data of 

eleyen experiments is analyzed as a unit, r~sults for each 

force level are based ~n 220 seconds of data ~ampling. 

It is possible that the average force over some 

"window~ will differ greatly from the mean force over the 

en t ire 1 e v, e 1 . Therefore it was decided to discard all data 

for windows having an average which was 'not with~n ±5% of 

the mean for the particular level. In the case where data 

from many experiments is combined for analysis, ihe mean forte 

for a level is evaluated over all of the records corresponding 

to the particular force level under study. . . No' data is rejected 

for the force level in which the, arm is resting or in which 

the weight' of the arm is supported by the flexors since, in 
,. 

the sec a 5 e s, n'o fee d b a c k oft hen e t for c e tot he 5 U b j e c i: i s 

'" 
used. As will soon be discuss~d, this rejection of certain 

data is performed throughout all aspects of programs'STATSMAN 
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and AUTOPUFF. 

'If STATSMAN'has difficulty in dete~mining the ellipse 

• of minimum area as'outlin~d in Section 3.2, this indicates 

that poor convergence has,occurred and the percentage change 

in area between the last successive iterations-ls presented. 

If thi~ percentage is less thkn 0.5%; it is considefed that 

the convergence is adequate. 1# 

Under certain circumstances, the round-off error 

in calculations will render them inaccurat~. By utilizing 

double precision, approxi~ately sixteen significant decimal 

'digits are carried. 1ft h'e s tan dar d ,d e v i a t ion .s d iff e r by mar e 

than six orders of magnitude, STATSMAN will print a warning 
-

mess~ e indicating poor accuracy<co~ld occur. This did not 

happen in any of the experiments which we performed. 

A photograph of the plot produced by STATSMAN on . . 
the CRT of DISTILLeD data for the SUM processor for several 

force leyels is presenFed in Fig. 4.4(a). In Fig. 4.4(b), 

the same data is plotted but with the ellipses of minimum 

area superimposed. The major axes of the ellipses are shown: 

Since the ~caling of the BtCEPS and TRICEPS axes in the plot 

are not equal, the ellipses are somewhat ,distorted. The 
I 

axes and axes graduations were drawn by a graphics package 

but all t~tles were dubbed, 

As discussed earlier" Qoth O.S and 1.0 second data 

windows are considered. The 1,0 second data windows are 

produced by combining the DISTILLED data for two consecutive 

0.5 second windows and av~raging. Thpse 1.0 second windows 

\ 

I 



Fig. 4.4(a) Plot of DISTILLED Data for SUM processor 

. Fig. 4.4(b) Plot of Ellipses ~or SUM processor 
~ 
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slide by 0.5 seconds so that consecutive windows overlap an~ 

nineteen windows per record are possible. One short coming 

of STATSNAN and AUTOPUFF is that ayeraging to ~b~Ain values 

for a 1.0 s~cond window is applied, regardless of meth;d. 

h' hen con sid e r i n g met hod S N hie h e v a'1 u-a tea l' un n i n g sum, i tis 
• 

more consistent to simply add the data for tNO ~indoNs wi~h~ .. 
out averaging. It was decided to average 'even for these 

methods since the results for 1.0 second and 0.5 s~eond windows 

are of similar value after averaging and Nay be numerically . '. 
compared or plotted tog~ther for quick visual comparison:' 

4 . 4 D e t e r min a t ion o' f the g' e t 0 f Ell ips est abc Ret a i ~ e d 

and the Percentage of Data Points within an Ellipse 

As can 'be seen from Fig. 4.3, Progral'l AUTOPUFF reaGS 

the values of the statistical parameters, defining the set of 

-
ellip "es under study, from the disk files in which t~ey \+.er, 

stored b STATS!IA~. From these values, it determines the 

enlargement PUFF; where 0.2 ~ PUFF ~ 3.2) at ~hich 

one or more ellipse overlap. After this calcula~ion 
" 
is complete, each of t unique product terms (Equation 3'.4.4) 

is constructed for the west PUFF factor at which the ellipses 

overlap and the set of elements to b~ di~carded is 

found. There may such sets. The set of minimum \ 
elements \\'hich is chosen is the first which occurs in the 

product table. This is a weakness in the analysis procedure 

s:;..nce anot,her set may provIde larger values of % AVG.' The 

n e .X t I' air 0 f ell ips cst 0 to u-c h. e it her a t the tj 0 r n ext 

... .... , 

" 

'\ 
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't'hd product an'd 
~ .... .. ~ . 

highest,.'{8~tle·.#~~ PUfF' -arc then intlud'od 'in 
1 

a ne~ soluti0n l;'calculated. For identical p to d'u c t s, a I l' 
t . , 

but one are di~carded and analysis proce~ds ~o;the ~ubse-
I . 

. ' 

quent pair of ellipses. This process coptinu~s. ~onsidering - . , ... ). . . . . . , 
the ellipses at ~~en . , h' i~ h'e'r ',V a,l ~.e S 0 f P U F F' . un til a ~ I . p'a irs 

whicfl ,ove~l~pped. for P:~~f ~ 3.2 have been included. Ai. this 

poi ~ t, ) for e a c h P U F F fa c tor at w h i c h ell ips e S 0 v e r I a p p e d >, a 

table has been .constructed showl·n'g the set 'of levels to dis-

card in order to retain as many as possib~e and still have 

no overlapping. 

AUTOPUFF then commences Id~h. t.h:e'lo'west /lue of 

PUFF and calculates the minimum per~entage (% MIN) and average 

percentage (%AVG) of valid DISTILLED da~a points Ullich lie 

within the appropriate ellipses for all non-overlapping 

ellipses. This process is repeated for ~~ccess{vely higher 

P U F F fa c: t a I' sun til all h a v e bee 11 .c 0 n sid ere d . For higher PUFF 

factors, the number of disc~rded 'levels is g.~ea·ter due to 
, 

increased overlap and therefore the number of distinct el-

lipses remaining ("LFT) diminishes. The percentages calcu-

lated should gradually, but not necessarily monotonically, 

increase. 

To prevertt excessive program eXfcution time and becaq~e 

of computer core limitations, certain restrictions were 

placed on AUTOPUFF's capabtlities. 

" 
If, at some value of PUFF' 

the number of discarded ellipses exceeds fifteen, r~sults to 

t:,at point \l1ill be printed out and no higher values of P
UF

' , . f· 

will be considered . If the -number of overlapping pairs of 

.. 
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ellipses exceeds seventy for the 
~ . < 

range of 0.2 = PUFF 3. 2 , 

then analysis will continue with the reduced range of 0.2 ~ 

< 2.6 .. Both of these restrictions will make it difficult 

to obtain -complete results for signal. processors for which a 

large number of ~verlapping ellipse pairs exist. This is not 

considered a serious limitation since it is' still possible to 

determine that a pa~ticular method is of such low' comparative 

performance as to be of little use. 
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CHAPTER 5 

RESULTS A~D DISCUSSIONS 

Duo to time limitations, the main thrust,of this 

pro j e c twa 5 to de vel 0 p a I'l 0 tho d 0 fan a 1 y sis and too d em 0 n-

strate its usc, rather than compile e~tensi~e data. Only 

a few exper{ments, of an exemplary natur~, were performed 

~pon one individual. The anatomical data for this person 

is given in TABLE 5.3. 

5.1 The Effect of Electr~de Position on the Performance 

of, ,and the Relative Perfo;rmance of, Signal Processors 

S. 1 . 1 Results: 

A single experiment was pcrf~rmed at each ~f the 

f 0 U reI e c t rod e po sit ion s PO' PI' P 2' 'a n d p'3 .' 
:rabIes 5.1 

and 5.2 present the number of force levels ~hich may bo 

defined (with the restrictions that these levels be no~­

overlapping and that %AVG ~ ~5%) as a function of the elec­

trode position and of the signal processing.m~thod chosen . 

I 
D <l t a \oJ i n d 0 \-/ S 0 f O. 5 sec 0 n d 5 \" ere use d. IO r res u Its pre s ~ n ted 

in TABLE 5.1 while results for 1.0 second data windows arc 

presented in TABLE 5.2. 

In certain instances, spec'ifically for the FP and 
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E,l ec trade 
Position 

SUM . 

PO 11 
o. 

PI 14 

P2 13 

P3 14 
0' 

. 
AVERf\GE 
OVER ALL 13 
POSITIONS 

RAN1< 
OF 2 
HE1'HOD . 
~, 

TABLE 5.1 Number of Leve'ls 'as a F.unction' or Electrode 
Position for Various Signal Processors 
(O.S second windows) 

SIGNAL PROCESSING METHOD (see TABLE 3.1) 
and number of levels achieved 

RAVG FP SP HP QP S lJ~f PCC Sl.tSP S~ll P 5 

1·1 Poor. 10 10 11 11 Less 
11 10 than 

8 

10 Poor , 11 - ID IS 11 12 13 

~ 

13 Poor 1 1 11 13 Less - than 12 13 
9 

12 Poor It 11 12 14 Less 
11 13 -than 

10 

. 

11.5 - . 10.75 lO.SC 11 13.25 0 ... 11.5 -12.25 

, 

4 ., 8 6 7 5 1 8 4 3 
.. r. 

* Only processing methods for which complete data exists are considered 

- Not analyzed 
'~, 

'/n 

SMHP . . 
10 

13 

13 

13 

12.25 

3 

AVERAGE! 
NUMBER j 

OF ! 
, 

LEVELS*, 

10.63 ! 

12.25 
, 

I 

12.34 

12.50 
I 

" 

..... 

(]\ 

Vl ' 

) 
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... . -

:<p. 

, 

. 
Electrode 
Pbsition 

. 
.' PI 

. 
P2 , . 
. 
. ~ 

''? .p 3 " 

( 

AV.ERAGE 
OVER ALL 
POSITIONS 

, , 

RANK 
PF 
l\'iE1'HOQ 

~. 

.... . ' 
, 

• ? 

• 

SUM 

16' 

'" . ·.16 : 

" '. , 16 

16 

-1 

-~ 

'; 

. - ~~ ~ 

TABLE 5.2 .N-trt!lb~r- of Leve1s--as a Funct.!on of Electrode 
Po~ion for Various Sign~l Processors 
(1/0 second 'window-s).' . 

I . 
SIGNAL 'PROCESSING METHOD (see TABLE'3.l) 
and number of levels achieved " 

RAVG FP SP . HP .-QP SUM PCC SMSP SMlPS SMHP' . . 
~ 

. 
14 Poo--r 1:3 - 13 16 12 _ 14 15 16 . 

'" . 
. 

-- - : .. ;/ "-~ 

14 Poor '12 - 12 14 11 13 ,15 ·16 
r t 

\' . 
~ 

~~ < . . Le S 5 ' 13 Poor' 14 . 14 . 16 15 is, 16 than 
11 

.' . > , ' > 

~' , 
. . . . . . .-

" 

13'. 7 ~eoI: 13 13 13 15.3 - 14 , 15 16 
0 

. . . .. 
: 

5 8 6 " 6 ,6 2 8 4 3 1-

" 

, "·~~~b~M,~i. ;'{j,'..~~·.~"'_*iT -~~ •• '. •• i_~~~;~~''''''''A'~'''' v· ...... _~ ...... .J-,,'-_,~_,. .....\- .. ..,.. .. 
. ","',,$:~'f). .. - # :.~'A--.. :;..:.": .. ~,, ." ~~I; .. ~~\ ... ~:';~~~»~""~ 

AVERAGE 
NUMBER 
OF 
LEVELS.* 

14.3' 
. .~ 

~ -'\3.7. 
1~8 

. 

. 

. 

' , 

0\ 
0\ 
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AGE: 25 years 

SEX: Male 

WEIGHT: 64 Kg. 

HEIGHT: 1.68 m.· 

Girth of upper arm as measured at crest of biceps muscle 

(i. e. along the U:ne which connects electrode po'>sitions 

, 

67 

Length of the forearm (measur~d ftom t~p of ~lbow to wrist): 

0.27 m 

Lengt.h of uPPt1r arm' (measu!ed ·from acromion to tip of elbow): 

0.,36. m 

Di stance from tip of elbow to cres t .of liic,eps: 0.18 m . . 
r 

• > 

TABLE 5.3 Anatomical Data of Subject 
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" pee signal pro~essing methods, results are ,so inferior, that 

one or more of the ~nalysis limitations (outlined iri the 

latter haLf of Section 4.4) are exceeded and quantitative 

results are nO~,obtained. For this reason, some,entries 

are marked "po9rrt. Similarly a full assessment for some· 

other cases is not feasible but it is possib)e to determine 

that the number of ach~~vable levels is less than a certain 

value: For the m~thod HP, assdssment was not performed fo~ 

tbe PI and P2 ele£t~ode .po~itions sin~e these were the first 

positions studied arid,'at that time, this method was not yet 

part of the repertoire of methods • 
. 

A further 'entry in Tables 5.1 and'5. 2 is the average 

of the number of achievable levels over all electrode positions 

considered. This information is' used as a figure, 'of merit to 
" . 

assess or rank the relative performance of each of the signal 

~ p~oce~sing methods. 

Wh~n determining the number of ~chievable levels 

.the values' of %AYG are rounded to t'h~ 'nearest percent. 
, ',,:,--,) 

By 

.~ considering th~~verage numb~r of force levels it is seen 

tha t for t~e 0.5 second windows" method SUM is super ior wi th 

method SUM a close second. All of,the signal processing. 
, , 

methods ~ased on p-p amplitud~ are superior'to the pawer law 

techniques. O~ the power law techniques, RAVG is somew~at 
. ' 

superior to QP. For higher pO''Iers, the perfor,mance ,deter-
I 

iorates. pee ~p:toves to be a poor' method of analysis. 

t-1e t hod SUl.f is cons idere,cl' as t h,e ,5 UFeri?r method 
. , 

for another ~eason. It p,rovides ,the largest number~of . ., 

\ 
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distinct levels with a total of IS levels at Pl' PI I'las 

chosen as the superior electrode site since it provided 

absolutely the largest number of, levels" 

5.1.2 Discussjon: 

As noted, there is no marked difference in the 

perfo·rmances. of SU~I and smL The fact that signal inversion 

causes no appreciable change is of particular interest in 

regard to those methods me~suring p-~ amplitude. If an AP 

is detec ted a t- 'the surface having the ,waveform as shown in 

Fig. 2.1(a) (where the initial peak is positive), the peak 

detector used in this analysis (Sectfon 3~4) will measure 

-
the p-p ampli~ude of the action potential correc~ly. If the 

wave form is inverted, the peak detector will measure not 

the APls P-P amplitude but the P-P am·plitude between' two 

successive AP's. Thus, if all Apl s are not inverted it is 

to he expected't.hat SUM shouI'd be superior to SUM.' Howe.ver~ 

since
l 

both methods pro.duce equivalent res~lt\, it. is possible 

that t~e·number of action potentials detec~ed with a measured 
;~ 

initial p,osifive p'eak is equal to the number detected'with a 

measured initial negative pe~k. More complex variations in, 

the wave form cou~d also occur. The use ~f~a more sophis-
t 

ticated peak detector, which measures b?th positive and nega~ 

tive g~ing ~eak~ which are dist~nct, may ~mprove.results. . . 
~uch a peak detector would reiia~l~ measure P-P amplitu~es 

for invei~ed and non-inverted APls .. 

The observation, that ele~tr~de ~o\itio~ Po is 
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inferior. is of int~rest, since it is located at the crest 

of the biceps rnuscte and it is the position most commonly 
, 

used by researchers. This point merits further investiga-

rion with a more complete set of experiments. 

Comp.arison of Table's 5.1 and 5.2 indicates that 

more force levels are 4efinable using 1.0 second windows than 
, . 

with O.S.second windows. The higher SNR's of th~ proces~ed 

EMG attained bi using increased smoothing windows are i~s-

ponsible for this increase in the number of force ·levels. 
, , 

Results for the 1.0 second windows also show that the ~ethods 

based on P-P amplitude are still superior to the p~wer law 
l 

methods although ranking is some~ha~ changed. 

Of all the P-P methods, SUM or SUM provide not 

only the best results bUt are easiest to implement in soft-

ware since it i~ not'necessary to calculate a power of the 
. . 

P - P amp 1 it ud'e. Likewi~e, ~AVG gives the best performance 

4 of all the power law ~roce~sors and'is easily implemented. 

5.1.3 Qualitative Observations 'on the Variation of the E~tG 

with Wrist Pronatlon a~d Electrode Position: 

A qual~tative, preliminar'y investigntio'n of the 
, . , 

.effect of w~ist·pronation or supi~ation'ori t~e EMG shbwed it 

to be a strong function of electrode position. Utilizing a 

s tor age 0 sci 11 0 s cop e. v 1 ~ u ale s tim a t, e!? 0 f the E r-1 G we r e .. mad e 

wl1ile the subject supported a 2.4 Kg .• ha·nd'-held weight by 

isometric contraction of the upper arm muscles. Pos~tion Po 

showed the greatest variation between signals'taken with the 
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wrist pronate or. supine. At electrode position P2' a signal 

was obtained which appeared to be relative~y invariant with 

wrist pronation. As the elec~rode position advanced frofu 

Po ~o P3J an increase in the EMG w~s observed when the ex-

tensors were active. This could be due to ~ncreased crosft-

talk as the flexor electrode mdves ever more proxi~al to the 

extensors. 
. 

This hypothesis was supported b~ the observation 

of ~n' increased antagonist activity for a given force level 

as the flexor electrode advanced from Po to P3 in 'the e~­

periments described in Section 5.1.1. 

The smaller iari~ti~n observed i~ EMG'at position 

P2 is not so surprising when the physiology and anato~y of 

the m~sculature is ~xamined. Basmajian [l~] found that duri~g 

flexion the BR was primarily active with the wrist prDnat~ 

\{hile bo'th ,BB and BR '\'ler-e active w~th·the ,wrist supine. The 

degree of activity- of each muscle showed variation among 

ind,ividuals . Fig. 2.2 illu~trates that the Bn is located 

• beneath the BB and on the lateral aspect of the upper arm. 

Electrode position Po ~hou1d per~it moni~orlng of the ENG 
" 

mainly due to ~he BB but some fee~ through from the BR is 

expected. This feed through should be increased at position 

Pl' At pOSition" P:2 where, the electrode's ,are; proximi;1.1 to 

both muscles, the observed ENG is expected to consist of a 

more evenly weighted summation of the, ~B and BR EMG' s . ..;. 

Thi,s preliminar.y, s7.udy suggests that one of the 

. electrode positions (P2) provides more information concerning 

the net act~vity of the two flexoTE than any'of the others. 

r 
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S'UM RAVG FP SP QP S Ur.I pee Si-ISP SMIP5 S~1HP 
.. 

RANK 6 2 10 7 1 5 4 9 8 3 

TABLE 5.4 Rankfng of prpcessors using ~~Rts 
" 
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7his explains wh~ a variation in the quality of the results 

as a fubction of electrode position can be expec~ed ,ev~n 

\'t' hen the h' r ~ s tis m a i n t a i Ii. e d sup i n eat all t,i me s . 
ct>-

5.2. The Use of SNR's to Rank the PerfoTmance' of Signa'l 

Processing M~thods 

-
The SNR;s, for both the flexor and·extensor EMG's, 

~f each of ten signal processors was eval~ated for nine 

qjfferent foroe, levels. The·force level numbe~s of those 

force levels considered are l~ 4, 7, 9, 11~ 14, 18, 21, and 
"" 

23. CTABLE 4.3). Th.e average SNR over all nine force level s 

was calculated~.for each agonist 'for each of the processors . . 
(Fig. 5.1). The SNR's of each of the processors' for four 

different foroe level§ is presented in Fig~ 5.2. To' rank 

the re~ntive performance oj ~he signal pr?ce~sors, the mean, 

of the average~or \e~~h agonist? wa.s used CTAt;lLE 5.4.). 

Considerable disagreement is disccivered bet~~en 

the ranking of processors on t~e basis of .SNR's as compared 

to the ranking on the bas'is 'of definable force levels crABLE'· 

5. I) . The SNR method is poor s,ln<;e the sensi tiv·i t'y of the, 

proce~sed signals to changes in the EMG is not considered. 

The rrumber· Qfo·defi.nable force levels is a more useful para-

metex since it is inherent,ly dependent on both SNR' s and on 

the sen sit i v i, t y • deBruin C[4] priV:'t,te communication} has 

suggested a promising 'tec'hnique for ranking .of proc,essors . 
. ' . 

He defines a "Figuxe' of Heri til whi'ch is dependent upon both 

the SNR and the slop'e, of t'he .'processed .6utpU:1:. versus the ne:,t 



force exerted. 
\ 

5.3 SensitIvity of Pafameters to Electrode Placement 
\ 
\ 
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Although it may be possible to define roughly the 

. same number of lev~ls at various electrode positions~ these 

I eve 1 s m·a y be E\.n t ire I y d iff ere n t . To determine how accur- , 

ately electrodes must be,'positioned in order to achieve re-

producible results, the sensitivity of the processed EMG to 

electrode position must be deter~ined. 

To investigate this, the proce5~ed data for elac-

The trode positions PO' PI and Pz were consi~ered together. 

stattstical pa~ameters representing th~s aggregate were cal-

culated, and the-' numbep .of levels was. e'valuated using· 0.5 
, ' 

second windows. Only method SUM and ~~VG were considered 

since they are of special interest as previously discussed. 

'It was found that a total of ten levels were.' 

definable for method SUM while RAVG permitteq the definition 

of eight levels. (Fig. 5.3). The number of ~evels definable 

> ' ---with the restriction that %AVG = 90%, was 11 levels for SUM 

and 10 levels for RAVG. 

Th~se results are~c~mpared with those obtained' 

when the data fat many experiments ~erformed at one locatiQn 

are combined, (Section 5.4, TABLE 5.7). It is seen that the 

decrease in the number of d~finable levels is similar in both 

cases. As data from o~ly one experiment per electrode site 

is combined the results can only' be considered preliminary, 
~ , 

but it is indicated that these s~gnal pro~essing'methods are· 
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relatively insensitive· to electrode placement. 

The observations that electrode position Po is 

inferior and that the results are not highly sensitive to 
. 
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electrode position imply that al~hough the SNR's for various 

force levels may vaiy with electrode placement, the means 

do not. 

5.4 Combined Data of Several Experiments 

5.4.1 Results: 

A total of six similar experiments were performed .. • 
These were conducted at the best electrode position (PI) 

using methods SUM and RAVG with both 0.5 and 1.0 second 

\vindoll's. The DISTILLED data for all experi~ents was combined 

in one overall 'analysis . 

A full computer printout~ the statistical para­
"\. 

meters for this analysis is prcscnteJ i~ TABLE 5.5 using 

met hod S U M \vi t h (l O. 5 sec 0 n d win d 0 \,' . The values associated 

~with each of the 23 force levels of level numbe~ I arc also 

indicated. Most 'of the FORTRAN symbols used in the hcading~ 

arc similar to the mathematical symbols used in this thesis 

with the constraint that no subscripts and only capital, letters 

arc allowed. Thus the rORTRAN symbol for A-LPiI3TN is ALPH3TN, 

SLOP is represented by SLOPE" N,i'tPT by INTERCEPT, r by Rand 

so fo l' t h. A.MNAFr is the mean measured force in kilograms 

for the force level over. ail experiments. ILCNT is used 

De~ely for bookkeeping. 'f hen u m h.e r 0 f d (l t a \d n d 0 IV san a 1 y zed 

• 
per force level is N. In some eases, the data fo~ a force 
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I LC.'J T N I R A~GLI "-- SLOPE l:-.J TERCEPT 
MEA'IB SDVB SDVEN \ ,ALPH3B ALPH4B 
MEA'JT SOVT SDVTN ~PH3T ALPI:t4T 

ALPH3aJ ALPH4BN Al'1NAFF PH3TN ALPH41N 

17 24121 9 -0.5798E-l -e. 3125E -1 -~0.,,31.359E 0 0.3842E 0 
0. 573121£ - 1 '0'- 2801.3E .,; 1 "0. 280eE ";1 'e~ 4822£ 1.3 0.2889E 1 \ 
0.3661£ '1.3 £3. 1477E " 0. 1477E" '1.3 e.l1.31.31E 1 ' 0.3917£ 1 
e.4822E ,1.3 e.' 2889E 1 - 0. 1631 E 1 3.11.3elE 1 0.3917~ 1 

19 241.3 Ie -e. 6942E -1 0.5498£ -2 -0.8194£ 0 3.3802£ -1 
1.3. 271.39E -2 '1.3.5488E ";2 0. 5475E -'2 0.2170E' 1 0.8239E 'I 
0'-3580E - 1 e. 6477E -1 e. 6478E -1 3.-2323E 1 3.1881£ 1 
0.2163E 1 0.' 8235E 1 -0. l1e6E ' 1 1.3. 2323E 1 0.7888E 1 

, 
21 240 1 1 -0. 1728E 1.3 '-' - e. 3691 E - 1 -0.3313E -1 e.48"0S£ -1 
e.4315E 0 1.3.3170'£ " '0'- 3172E 1.3 e.-4824~ - " e.18.53E 1 
1.3. 3376E ,- 1 e.6383E -1 0'- 5985E -1 0.2128E 1 e~&903E 1 
0.-4839E -0 e.' 1853E ' 1 -0. 1888E 0 1.3.19.51E • 1 e.64)0E 1 

23 241.3 12 -e.3610E - 1 -0.2278E - 1 -0.1713E - 1 0.6-32.1E - 1 
0. 1118.~ 1 0; 1574E " e. 1575E 1.3 0.2321E '1.3 e.2383E 1 
1.3; 4411 E -'I 0~ 7413E - 1 0; 7464E - 1 3.2051E 1 0.6553E 1 
1.3.231!19E '0 1.3.2396E 1 0.9846E -2 e.2342E 1 0.6572E 1 

1 
LNB( I" 13>::, 25 I RJECT= 15 

25 225 13 " -0.2703E -1 ' ... 0. 23 56E - 1 -0. 1353E -1 e.91e9E -1 
e. 1933E 1 ' \ "1.3'- 2e30E " '1.3'- 21.330E 0 '0.9514E 1.3 1.3.4835£ ' 1 

0; 1374E -1 121'- 7ge5E -1 0.7904E -1 0.1519E ~48.E 1 
e." 9544£: 1.3 121. 4847E ' 1 12I.4840E 1.3 e.1481E 1 0'- 4249E 1 , ' .. 
27 240 . 14 0. 1735E 11) 13.4712E -1 e.4123E -1 0'. 3144E -2 . 

0'. 3498E 1.3.2593E 1 0'-3266E 0 12I.3269E '0 0.8139E 0 1 
0·11elE: .121 13. 7764E - ,I e. 764121'E - 1 e.1527E 1 0.4173£ 1 
0'-S082E {21 "'.- 3495E ' 1 13.9881 E 0 e. 1559E 1 0~4991E 1 

IUJB( 1" 15)= 29 1 RJECT= 1 J 
29 239 I!;? 0.4409E 1.3 13.7854E - 1 0.8133E -,,1 -0.8994E -1 

0;4218E 
r . 

3. 3260E I 13 f)-4233E '0 f21.1073E(-1 0;2773E 1 
0.'1752E ,13 12I.-7781E -1 0'- 6964E - 1 0~1278E ~-t., 0.5117.E . I ..... ~ 

~.27137E -1 13.2774E 1 0.1~84E 1 ,0.-1207E 1 1.3. 4896E 1 . 
31 240 16 D.1939E " 0- 4791 E -1 0.4688£ -'I 0.8;755E -1 
1.3.3151 E 1 0': 38.4I21E 0 0. 3844E " -a.1202E ...;; 1 0.2367E 1 
"''-2634E 

. , 
121 .. 9099E 0 0.9286E - 1 - 1 3.9541 E '" @ .. 3516E . 1 . 

-0. 7122E -2 e.;2371E 1 13. 1985E ' 1 e.lel6E 
f 

1 0.3713E 1. , 
" :p 

TABLE 5, ts Cont'd 

.r ~ 
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I LG.'J T "~ I R A'J GL 1 SLOPE 1.'1 T ERG EPl" 
MEANB, SDVB SDVru ALPH3B ,ALPH4B 

MEANT SDVT SDVTN ( , ALPH3T 'ALPH4T 
ALPH3B'J ALPH4BN AMNArF ALPH3TN ALPH4TN 

33 240 17 0.2733£ - 1 0.1863E -8 '. ,0. 3249E -2 fh 3222E 0 
0.44.35E 1 0'- 6693E ,0 0.6698E 0 0.3373E, 0 ~"~971E 1 
9.3366£ '" 0.7965£ -1 0. 7965E ~ 1 0. 1192E, 9 0.2577E 1 .. 0.' 3372E 0 0; 2972E 1 0;·2484E 1 13.1194E 0 0;2577E 1 

. ",' 

35 240 18 -0.1750E " -0.~2325E -1 -0.2291E -1 e. 5228E 9 
0.4941E 1 0'-7241E fa '0. 7243E 0 9.7522E '0 0;3266E 1 
0.4096£ '" 0." 9477E -1 '~.9.328E -1 0."81.93E 0 0.3682E 1 
0: 75l5E " 0'; 3266E . 1 0.2985E ' 1 0:8042E 0 0.37'67E 1 

. 
0.6609E 37 240 19 -0. 1033E " -9. 11 78E -1 -0. 1074E -1 " 0.6282E If '0t.~9.665E 0 '0.9665E' 0 '0;1042E 1 ..0.3892E 1 

0.5935E 13 0.; 1004E 0 0.9987E -1 0.3191 E . 0 0.2907E 1 , , 

',0. 1042E 1 0~' 3892E 1 0.3982E 1 9.3130E 0 0.2904E 1 

'39 2-40 20 -9. 1735E e -e. 1257E -1 -9.1236E-l 13.8744£ , ,0 
0.7853E 1 '9: 1588E 1 0. 1588E 1 ,0.6910E 0 0.2687E 1 
0;7773E " 0.1132E 13 13- 111 5E 0 -0;1393E 13 0.2665E 1 
0;6995E 0 0.-2685E 1 0;4974E 1 -0.1976E 0 0.2796£ 1 

41 240 21 0. 22~9E -1 0. 1863E -8 , 0. 1274E -2 0.9629E 0 
0. 1018E 2' 0.2513E 'I 0. 2513E;. Iv "- "'-5761E:· '13 ,0. 2~47E 1 
":9759E ,0 0:1423E (3 0.- 1423£ 0 , - 0'- 5926E - 1 13.2~3E 1 
0:5761E 0 "'-2047E 1 0; 5972E 1 ";0; 5920E ..; 1 "'-2731E 1 

43 240 22 0.1755E 9 0. 7854E -2 0.7.966E -2 e.1210E 1 
0. 1331£ 2 0'- 3869£ 1 .' 0.' 3869£ ' 1 0. 1205E . 1 0.3906E 1 
0'-1316£ 1 0. 1757£ 01 e.- 1729E 0 -0.3277E " 0.' 32139E 1 
0;1296£ 1 ,,; 3ge7E 1 ' 

I 0.7970? 1 ..;~. 3290E 0 13.3063£ 1 

45 240 23 0. 6767E -1 -0.3725E -7 0.3564£ -2 e.1812E 1 
0.1906E 2 0'- 5749E; 1 '0. 5749E ' 1 ~.lSI4E 1 0.6878E 1 
9.1880E 1 

~ 

0'.: 3028'~ 0 9'- 3028E 0 0.3322£ 0 e.2928E 1 
0.1514E 1 0. 6879 1 0'- 9951~E 1 0'- 3324£ 0 0.2926E 1 

TABLE 5.5 Cont'd 

.. 



Iev,eI was rejected, for reasons presen.ted ~in s\~.ion 4.'3. 

The number of reje~ted\windows (IRJECT) is indicated as 

He 11 . 
i , 

8.1 

Program AUTOPUFF was used to determine the number 

of definable levels. A··compu.ter ·printout.. ot the resul'ts is 

presented'in TABLE 5.6 using method SUl-t with 0.5 second 

windows. 
,. 

%AVG and %HIN as a function of 'the number of de-

finable levels are to be found in Fig. S.( and 5.5 using 

methods RAyG and SUtl for both 0.5 and 1.0 second windows. 

A ptot of the solution set of ellipses for SUH (0.5 second 

window) is given in Fig. 5.6. 

A normalization technique ~as also considered . 
• 

, " . 
MEANT for level #5 (-3.6 Kg.):and MEANB for level #18 

(+3.0 Kg.),for each experiment were use~'to normalize the 
r ' , 

TKICEPS and BICEPS ~a~a respe~tivelx. The normalized data 

for each of the six experiments was then combined and %AVG 

and %MIN, as a function of 'level number, 'were determined, 

using method SifM wi th ,0.5' s..econd windows (Fi g. 5.7). 

5.4.2 Discussion: 

The values of ALPH3BN and ALPH3TN indicate a marked 

skewedness in the distributions. 
\ Since ALPH4TN and ALPH4B~ 

often differ appreciably from 3.0, some distributions,must 
\ 

be significantly more or less peaked than a normal distri-

. 
bution. Thus these distributions can not be described as 

normal. This could indicate that insufficient data to 

approach,limiting values has been acquired. For this reason, 

. 
~, 

• 

\ 
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PUFF %0."1 IN ~AV:G ILFT 01 SCARO~.D l,..EVELS 
! ,-, 

'~ 
, ' 

"0.60 7. S0 15. 19 23 13 . 
0.75 IS; 42 23."99 22 17 
0.95 27.138 37.41 21 15 17 -. 1.- 013 31.25 41'-132 21 15 17 
1. 1 S 41; 25 513.68 20 15 17 213 
1.- 313 53'-75 59;95 18 1 15 17 19 21 
1'- 35 56'- 25 61.- 84 17 2 )3 15 17 213' 22 
1. ~e 58'- 75 64;14 

; 

15 2 6 Ie 14 16 -18 213 22 
\ I; S~ 63.75 68.' 72 14 2- 6 113 13 15 16 18 213 22 

I.' 70 73:75 78; 14 13 2 3 6 113 13 15 16 18 213 22 
I: 75 74. 58 .- 813.24 12 1 3 6 9 113 13 15 16 18 213 22 
1.913 81.67 85: 21 12 1 3 6 9 Ie 1.3 15 16 18 20 22 -1.95 84: 17 86.91 12 1 3 6 9 Ie 14. 15 17 18 20 22 
2.-1313 85.77 87'-98 12 . 1 3 6 9 113 14 16 17 19 21 22 
2: 10 88.130 913:135 1 1 1 3 6 9 113 14 15 17 18 19 20 22 
2. 15 87.50 913 .. "42 1 1 1 3 6 9 113 .13 15 16 17 19 20 22 
2.213 88.33 ' 91." 48 1 1 1 3 6 ~ 113 13 15,16 17 19 213 22 
2.25 913.67 92.65 113 1 3 5 '1 9 N3 14 15 17 18 213 21 23 
2.30 91;11 9~.: 28 10 1 3 5 7 9 10 14 15 17 18 213 21 23 
2: 35 88." 75 9 .58 Iel 1 3 5 7 ·9 10 13 15 16 17 19 21 22 
2:413 91'; 11 9~.38 9 1 3 5 7 '9 10 12 14 15 17 18 213 21 23 
2. 513 92."44 95.135 8 1 3 5 7 8 9 113 12 14 15 17 18 20 21 23 
2;613 94.,22 9p.88 8 2 3 5 6 8 9 Ie 12 14 15 17 18 19 21 22 
2.85 .. 96; 44~ 97:94 8 2 3 5 6 8 9 113 . 12 14 15 17 18 19 21 22 
2.-99 96.- 44 97.99 8 2 3 5 6 '8 9 Ie 12 14 15 17 18 19 21 22 
2:95 96.89 98:213 8 2 3 5 6 8 9 113 12 14 15 '17 18 19 21 22 

Method': Sut4 

Winuo\'t'; 0.5 s.~ond 

TABLE 5. tY Percentages and levels for six experiments 
(computer p r i n t - 0 u't ) 
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Fig. 5.6 Plot of. Solution Set of Ellipses 



. 

7 

80 
, " 

100 -~ O! ~oAVG 

o t:::)' - ~oN IN 
6 Q ", 

_ .... -- ----- -----6--- .... -----°- --------- ---------,.. I 
{J 

90 _ 

80 -

70 
8 9 (0. ... 

Number of levels 

Fig. 5.7 Results f6r normalized SUM 
(0.5 second windows) 

) 
.... ~ , 

\.. 

0 
I 

6 

'> 
\ 

1 I 

. gIGNAt" PROCESSING ~1ET.HOD 
. . 

" 
Window 

, 

Duration %AVG SUM Normal Lzed 

(SECO~DS) 
SUM 

~ . , .. . 

90 11 11 , 
0.5 , 

\. 95 8 '10 .. . 
90 1 1 - - - -

1.0 
) . 

9S 10 ... - - - - , . 
-

0' 
I 

6 

12 

~ 
RAVG. 

--
. 

9 

8 

10 

9 

-, 

TABLE 5.7 Number of levels for comhined data of, six experiments 
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the' aggregate data for .six experiments can not be 'conside-red 

fin a 1. 

When the data of a single experiment is examined, 

fifteen levels can be defined whereas for six combined ex­
~ 

.p e r i rn e n t !?, 0 n,l y e i g,h tie vel s are f 0 un d . This large deter-

iorationri~dicates that the samples -for one experiment are 
~, 

not, in general, representative of the overall population. 

Furthermore, it was observed that within one experiment, 

appreci~hle differences can exist between results for two 

ten second sampling sequences: This variation indicates 

that so~e other'variable(s) exist which'is not well controlled. 

As can ,It, e see n in Fig. S. 8 , two ten ~s e con d seq ~ n c e s .~ non e 
r; , 

experiment at a single force level can produce different and 

distinct data'clusters. Fig. S.9'presents two ellipses 

denoting the data for two of the six experiments considered. 

A marked difference between the ellipses is seen. 

We hypothesize that the uncontrolled variable is 

the level of activity of the antagonist. Since each ,ten 

second interval usually shows a clear data cluster with no 

marked linear trait, a~ indicated by regression 'coefficient, 

it seems pla~sible that the agonist pair establishes and 
,j 

I 

maintains a certain balance of muscle activity over each 

sampling sequence. The 'fluctuations in values over one ten 

second interval would then largely be due to r~ndom fluc-' 

tuations in the processor outputs caused by the shQrt filter 
.. - ~' 

time constant. Different data clusters would be observed 

for samplin~ sequences if a slightly different agonist 
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Fig. 5.8 Ellipses for Two Sampling Sequences (method SUM) 

Fig. 5.9 
---........ 
Ellipses for Two Experiments (method SUM) 

I. 
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. 
equilibrium is established. In a few instances, two clusters 

of Jata were recogniiable for one s~mpling sequence, with a 

small vortion o~ the data scattered in the transition region 

between the two clusters. 
/ 

The severe deterioration of results when several 

experiments are combined cpuld be due to physiological or 

emotional.changes in the subject on a day to day basis. 

~ 
Our subject complained of tension during the period when 

~ . 
the six experiments were performed. Although he complained 

of ~o muscular fatigue, he found a greater difficulty than 

us~al in maintaining a constant force. "'" Periodica: lly; he-

had some slight muscle ~witching. ~ 

These proble~s did not exist during an earlier sct " 

of experiments with the same subject. 
I 

In these- early experi-

ments, analysis did n"ot involve the use of the ellipse of 

minimum area. Rather, the ellipse chosen had its major axis 

along the line of linear regression to the data. This ellipse 

is often significantly larger than ~he ellipse of minimum 

area. Surprisingly despite ~he use of larger ellipses, it 

,." as f 0 un d t hat t '" e 1 vel eve I s wit h % A V G = 96. 25% and % ~Il N = 

92.1°& could be defined. This is a considera~le improvement 

when compared to the eight levels ·determined for the set of 

lat'er experiments .. 

Much more experimentation should be performed on 

: " 1 5 poi n t . It is clinlcally valuable to use a signal pro-

(7~sing technique which provides reliable long term results. 

1 c \~ 0 u 1 d h c uSC f u 1. top e r for mas e t 0 f e x per i men t sin w hie h ' 

-
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the subject willfully maintains various levels of antagonist 
t 

activity rather than simply relaxing his antagonist as was 

done in these experiments" Such a p'reliminary experiment 
• I 

"'--
has been performed involving ten secon~data sampling be-

q~ences for each force level \ in which th~ ant~gonist activity 

was either low, moderate or high. 
\ r 

Altbou~h no qua~titative 
t 

assessment was performed, it was noted that the area en-

compassed by the data cluster for a force level increased 

greatly for higher antagonist activity. 

TABLE 5.7 summarizes the results for the combined 

six experiments while details are presented in Fig. 5.4, 5.5 

> 
(%AVG =-and 5.7. The n urn b e r 0 fIe vel s· \ol1 t h 9 0 % con f ide n c e 

90%) is~also considered. Cci~par~son of signal processing 

methods indicates .that SVM is still some\vhat superior to 

RAVG but the difference is not as distinct as was noted in 

Section 5.1. A degree of improvement is found using 1.0 

second data windows. For a subject possessing few muscle 

control. sites but wishing to perform many different functions, 

the 1.0 second window may be useful. The normalized SUM 

shows an improv~ent over SUM at the 95% confidence 1evel. 

It may be possible with such a technique to design a pro-

c e s S 0 r w h i c h \.] 0 U 1 d pro v ide m 0 reI eve I s but' H h i c h w 0 U 1 d '.----. 

require periodic calibration. 

5.5 The Use of Rectangular Areas 

From Section 3.3, it .is c·lear that considerable 
~~ 

-" 

" 

=omputation is involved in determirring whether o~ not a point 
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is locatpd'wi~hin an"eillpse. If rectangular areas arc used 

with the rectangle's side~ oriented parallel to the BICEPS-

TRIceps axes, the computat{on involves only simple inequali­
~ . , 

tics, ThlS simplicity is most desirable when developing a 

practlcal processor for real time applications . 

. Rectangular areas were used to analyze the combined 

data of the six experiments performed at electrode position 

p I for met hod 's U 1',1 us i n gO. 5 sec 0 n d ~ in. d 0\'; S .-' T 0 ~ for m a 

com~lete analYSi~OUld have 'required extensive program re-

writi~g so only two tests were conducted, 

\) 
To begin, the e'l.ght force levels, which were the 

r 

sol uti 0 n tot h e pre v i 0 u sly 'd esc rib e d . a n a I y s 1. 5 ( Sec t ion 5. 3 ) 

with ellipses, were considcr~sing~recta~gles. With the 

aid of the plotting capabilities of the graphics package, 
, 

the maximum Valu? of P
UF1

; wa~ uetermincd such· 
-- ..... ' 

that none of 

the rectangles pverlappcd. It was discovered that for these .. 
r c eta n g 1 C 5, % A V G = ~,6 % and % 1,1 I:~ = 92, 9 '?o • The quality of 

these results is comparable to that obtained using elliptical 

areas (rig. S.4(a}). 

\" , Secondly, it was fdund that a total of nine force 

levels could be dcf~ned using rectangles Idth %AVG = -90.8% 

These results are inferior' wh£'n compared 

to the ,eleven force levels at the 90°0 confidence mark ob-

talnable using ellipses. 

For individuals who have difficulty in relaxing 

:he antagonist, variation in the protagonist activity compen­

sating f6r chani~s In the antago~ist level ma~ exist while 

'" 

./ 
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maintaining a constant net fo~ce. 1 n sue hac as c',' it· is <, 

expected (and has been 
. .. I 

obscrveti'~n preliminary experiments) 

that the activities of the mus~le pair i~crcasc and decrease 

in unison. HOh'eVey, this covariation- should not, be assumed 

to be linear. The usc of a rectangle with sides oriented 
, -

par all c 1 ,t 0 the' B I C E-P $ - T RIC E P S a xes ,.,r 0 tId b d 1 n- f e" rio r tot h e 

use of' either an ~lli'Pse 'dth. its axes tilted at some anglo 
f 

(A NCtl ) relative to the coordinate ~ystem or the use of- the 

til ted r c eta n~ 1 c \w h i c hen c los e s" the til t~ del 1 ips e . When 
.,..'\ 

the data has a marked linear trait, the ellipse of minimum 

area was obs6~ved to be oriented so that one of its axes 
. '" 

I a y a Ion g t'h e 'itii n e, 0 f I, inc a r reg r e yi 0 n to t'll e d (l t a . . In 

s 1I C 11 cas e S<), tho, e I lip 5 e 0 f min 'ilil u mar e a had a n are a \-1 h i c h 
-.' 

"'~~ much smaller (as 'small as one-fifteenth) than the area .. 
\ 

o fan ell -:i p s e 0 r i en t e J, h' i t h . a xes par a lIe 1 tot h c B leE P S -

,JeEPS axcs. In thcse cascs, the usc ;of no~-tiltCd rcc-... ~ 
tangles would be deleterious~ The use of tilted rectangles 

coul~ grovide adequate results with ~impler computation than -

required when using tllted el)ipso~. Further experimentation 

1S necessary. 

Although it was observed that'rectahgles still 

pro v ide 'u s c f u 1 res II 1 t S, 5 0, m e d e t e rio rat ion i s not e d . Ho\v OV c r , 

it should be possible to achieve a reai time processor using 

rectangular areas provid~ng a re;>.sonable level of performunce, 

on the condition that variation in antagonist activity at' a 

; i v,c n for c e. be 5 mall. 

f • 
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5.6 One-Dimensional Analysis , 

Many traditional method$ have utilized only one 

EMG. To assess the performance of a one-dimensional tech-
,..1 

nique, the data for the triceps signal was considered for I 

the six experiments at electrode position PI using reethod 

~ 

SUM with 0.5 second windows. 

Using the one-dimensional statistical parameters 

MEANT and SDVT' a procedure) analogous to the two-dimensional 

tr~atment with ellipses, was adopted. Line segments on the 

TRICEFS ~xis, representing each level, were e~larged in uni-

son and overlapping'was recorded. For e~ch PUFF value at 

which line seg~ents overlapped, the set of minimum force 

levels to be discarded, 
\ 

in order to eliminate overlap~ wa~ 

determined. 

In this manner, five levels were defin~d with an 

average percentage of 98% of the TRICEPS values ~er force 
I 

level lying within the bounds of the associated line segment 

and a m~nimum such percentage of 96%. Thus, only three 

additional distinct levels were'achieved b~ employi~g the 

much more complex and sophisticated two-dfmensional analysis 

in lieu of the simple one-dimensional processor. 

ThE! t,,,,o-dimens'ional processor uses t,.;ro' muscles to 

achieve its eight leveis whereas the one-dim~nsional pro-

cessor uses only one. If a subject can be trained ~o use the 

agonist~t in an independent manne~, it is possible that more 

:~vels could be achieved usin~ a one-dimensional processor , . 
for each agonist. From our measurements. it was clear 

;. 

; , 
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that although five levels were obtainable from the triceps 

signal, only two additional levels could b~ defined for the 

flexors and both of these at forces in excess of 4 Kg. The 

reason for the poor performance wit~ the flexor signal 

becomes apparent if it is r~cognized (Fig .. S.7) that the 
• r 

flexor activity during extension is not negligible. Spuriqus 

-activation of the one-dimensional flexor EMG processor would 

occur unless only the higher levels of flexor EMG w~re used 

as controls. 
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CHAPTER 6 

CONe L,US IONS AND SUGGEST IONS 

6.1 Conclusions 

A technique for ~he measurement and analysis of the 

EMG of an agonist mrscle pair has been presented. It enabled 

the choice of both electrode' position and signal processor so· 

'" as to maximize.'the number of distinct two-dimensional areas 

defined within the flexor-extensor plane. The criteria for 

determining such regions included no overlapping between areas 

> ' . 
and a %AVG = 95%. Although extensive experimentation w~s not 

feasible, the data, compiled for the limited number of experi-

ments with a single subject, yiel~ed ,some useful observations. 

Pr~liminary qualitative results revealed that for 

electrode P?sition P 2 , the.EMG of the flexors showed little 

change with wrist pronation. This suggested that one posi-

.-
tion was more favourable' thaJ1 the .others for retrieving in-

, 
formation concerning the contribution of the flexors to the 

net force. For this reason, a set of experiments was design~d 
. 

to quantitatively determine the effect of electrode position 

on the number of definable levels. It was found that elec-

trode,positions PI' P2 and P3 ahlowed the definition of app-

roximately the same number of force levels. Position Po was 

" 
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) 
infe,rior. 

-0 

This is interesting since Po is the crest of the 

biceps muscle and is the electrode position most commonly 

used. 

The number of definable force levels for the four 

electrode sites was determined using each of eleven proces­
~ 

sors. The average number of force levels for each processor 

was calculated and this ·value was used to assess the relative 

-~erformance o£ the processors. Method SUM proved to be the 

superior signal processor fo~lowed closely by method Sm1. 

The met hod s e ~ p loy i n gam ea sur e oft I1 e P - Pam p 1 i t u dew ere i n 

general superior to the power law techniques. RAVG was the 

best of the power law techniques examined. Electrode position 

P l in combination w'i th method SU:4 provided the largest number 

of distinct levels (fifteen levelsJ. More levels could be 

defined if 1.0 se~ond smoothing windows were employed. 

Using methods SUM and RAVG, the data for six simi-

lar experiments were analyzed to determine long-term proces-
• 

sor performance. For both RAVG and SUM only eight levels 

were defipable. It wa~ postulated that the dramatic decrease 

in the number of definable levels, "when copious data is con­
\\ 

sidered, was because the agonists established a short term 

balance or near equilibrium muscle tension level. One mea-

surement would then be only representative of the statistical 
, 

properties of the EMG's for the pa~ticular equil4brium 

attained. The muscle pair co~ld achieve the same net force 

by using any of the numerous combinations of agonist tension. 

It was observed that data for different experiments and even 

r 
t 
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data for different sampling sequences within a single experi-

ment could be clustered in very distinct areas. This obser-

'vation supported the concept of agonist equilibrium during 

a sa~pling sequerce. 

Another reason for the great reduction 1n the number 

of levels when data i~ combined from several experiments 
( 

could be the day to day e~otional and physi~logical state of 

the subject. The variation in the subject's emotional or 

physiological state may effect his controllability of the 

antagonist activity and it'? fluctuations even though net 

force may~e controilable. Since the agonists assume near 

equilibrium during anyone measurement, it is absolutely 

essential to consider a large number of measurements to . 
obtain an accurate representation of the statistical varia-

tions. Experimenters must be cautious when drawing conclu-

sions from limited data. 

DdrcaS et al [8] [9] found that three levels could 

be established using one muscle site. If the agonists could 

be used independently, a total of six levels could be defined 

in comparison with the eight levels in this analysis. We 

observed that the antagonist is usually quite active and in 

practice, it may be difficult to use the tw6 agonists for 

separate control signals. The subject would also be required 

,to develop the sk~ll of using the agonisLs in an independent 

fashion. We considered a simple one-dimensional controller 

~Jr the extensor EMG that permitted five levels. If the 

extensor was used in this manney, problems arose when a~tcmpting 
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;." 
to use the flexor for a separate c~ntrol signal. ~li th the 

flexor as the protagonist unwanted triggering of the ex-

tensor processor could occur. This t~iggering could be due 

to cross talk of muscle EMG or due to an intrinsic level of 

antagonist activity which is a function of protagonist ten-

sion. 

The numberrof definable force levels consid~ring 

the co~bined data f~ six experiments was found using 1.0 

second windows. SUM provided ten levels while RAVG allowed 

njne. The lengthening of ~he window has the disadvantage 

that system resp~nse is more sluggish. 

A primitive normalization scheme was also tested 

on method SUM an~ an improvement from eight to ten levels 

was found when using 0.5 second windows~ Although normali-

zation is promising, some additional computation is required. 

When the data· for three different electrode posi-

tions was ~onsidered. a combined total of ten levels was 

a chi eve d us in g S U !~ wit h O. 5 sec 0 n d 'W in dow s. , T his in d i cat e s 

that the magnitude of the means of the DISTILLED data are , / 

approximately ~onstant over a wide area and by using these 

" techniques, it may be possible to design a signal processor 

\'/ hi chi s reI a t i vel yin sen sit i vet 0 e 1 e c t rod e p I ace men t' . 
\ 

) The use of SNR to assess the relative performance 

of pr~ssors was fpund to produce results inconsistent w~th 
those obtained using the number of definable force levels 

as a figure of ~erit. Since SUR does not contain information 

concerning the signal processor's sensitivity to changes in 
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the Et1G,' it is considered to be a poor parameter with which 

\ 

to assess perrornance .. 

6.2 Suggestions for Fur~her Work 

Many more experiments should be performed to ac-

quire an extensive data base. The effect of electrode posi-

tion should be stu?ied for both agonists. The relative per-

formance of processor~ should be assessed for a large' number 

of experiments. Many individuals should be studied to 

determine if there is any pattern relatins the superior 

processor and electrode position to the individual's 

physiology. If a grid of surface electrodes were placed 

over the arm and the signals from all electrodes we~e sacpled 

and stored simultaneously. analysis of the samples would 

provide a usefyl tech~ique for studying the effect of 

electrode position' since uniform conditions would prevail. 

It is felt that the experimental procedure and the 

ele~tronics presented provide adequate signal integrity when 

the arm is stationary. For the moving arm~ a different 

electrode scheme may be necessary to reduce motion artifacts. 

Further miniaturization of the source attached amplifiers is 

necessary. It is estimated that the amplifier volume could 

be reduced by 50% or more with the current des~gn but further 

reduction would require the design of an integrated circuit 

wi~hout external components. By using the chip for the 

instrumentation amplifier which we employed, a hjbrid circuit 

could easily be realized that would be most effect{ve. 

t 

,.I • 
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In retrospect, it"is felt that some of the analysis 

techniques employed we..:re unnecessarily complex. Rather than 

all~)\01 all ellipses to enlarge in unIson, it ",ould have been 

simpler, and superior from the point of view of realizing 
, 

more levels, to determiae the enlargement factor necessary 

for each ellipse to envelope 95% of the DISTILLED data points. 

Overlapping ellips~s could then be discarded so that the 

maximum number of distinct ellipses remain. Future efforts 

which employ the same methods which we did could ~mprove on 

them by choosing the best of all the available sets of mini-
9'fI- 1"" 

mum elements. The best set could be choosen as the one, \o[hich 

maximizes %AVG. 

Alth&ough the use of recrtangles, with sides paralhH , 

to the flexor-extensor axis, provided eight levels from the 

combined data of six experiments, it is felt that they would 

provide poor results in the situation where the protagonist 

aC,tivity varies . A study of the performance of "tilted" 

. rectangles enclosing.the solution ellipses should be made. 

Both methods SUU and RAVG could easily be reali~eci 

employing one of the Many currently available microprocessors. 

The greatest drawback in the use of the ellipse is t~at deter-

Dining whether or not a point lies within an ellipse involves 

time consuning nultiplication. The use of a micro~rocessor 

with interrupt capabllity w~uld allow such lengthy calcula-

t ion s "t 0 b e per for In e d per i 0 c. i call y \OJi t h s i m u 1 tan eo u s s i g n a I 

sampling. I: necessary, a currently available microprocessor 
,J 

performing iapid multiplicatiQn (17 ~s) or a one. chip 
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m~ltiplying anit (300 ns) could be used. If tilted, or 

better still, non-tilted rectangular ar~as were adequate, 

the "etermina t ion qf \,fh ether or not a po int is lying wi thin . 
. 

a certain region would be extremely simple. Using rectan-

gular areas, a large number of agoni~ts could be monitored 

using one microprocessor, thereby ac~ieving good perforcance/ 

weight, performance/cost and perfornance/bulk ratios. 

Another desirable feature for signal pr.ocessing 

would be thq use of sliding windows which slide by perhaps 

0.1 seconds. In using these windo\'Is, SU;,I or RAVG methods. 
~ 

would be evaluated for each 0.1 second interval and the data 

stored to ~e used in calculating SUH or RAVG over the entire 

0.5 second ~indow. I~ would therefore be necessary to store 
'\ 

five such values for each E~G at anyone time. This \'Iould 

only slightly increase the random access memory requireoents 

of the system and provide a more responsive c'ontroller. 

RAVG has the advantage that it may be realized 

using analog component~. If it is desired to monitor the 

activity from a large ?umber of agonists, analog processors 

could be used to det~rmine the rectified average for each 

muscle. The microproce~sor could sample the outputs of this 

large number of analog processors at a low sampling rate. 

It may, however, prove to be more desirable to u~e more than 

one proc~s~or to perform the task rather than resort to a 

large number of analog modules. 
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Throughout these experiments, the subject maintained 

the desired constant force levels-with the elbow resting on a 
~>, 

pad, suppor\in~' a fraction of the upper body weight. In this 

configuration, agonist muscle activity, for a giv~n net force~ 

can vary due to reaction force (Milner, private communication 

(24). ~imply by exerting the desired force with~the arm 

hanging from the shoulder rather than supported at the elbow, 

much of the postural effect due to reaction force is eliminated. ,. 
Since this waS not done in our experimentatiqn, the varyi~g reac-

tion force is another possible cause of the deterioration' 

observed in our results when the data for many ten second 

sampling intervals (each interval with perhap~ a different re-

action force) were combined. 

be considered when designing 

It is suggested that this factor 

future similar experiments. 
~ 

, , . 

L 

( 
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