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ABSTRACT

A technique is presented for asgessing the relative
performance of various signal processors of.the surface de-
tected electromyographic signal (EMG) in the gros; skeletal
muscles of man. A minicomputer is used to sample, store, and

‘to later process the EMGs for agonists of the upper arm for

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

<

of isometric tension. A two dimensional analysis of the

flexor and dextensor EMGs is performed for each force level.

The number of force levels from which distinct, high confi-

dence, control signals may be derived 1is uséd-as‘% figure of
merit to determine the superior of the signal processors - ¥
studied and the superior of various electrode sites con-

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

mize the number of control signals per muscle 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 control signal for orthotic,. prosthetic and“
environmental control devices. Superior processing of the EMG
permits the realization of many distinct control functions from
one Auscle, thereby making efficient use of the muscle sites
available.

For this ;eason, emphasis has recently been placed
upon assessing the relative performance of existing signal
processing techniques. Some of the major shortcomings apparent
in much of the prominent research in this field, and in partic-
ular, in the work of Kreifeldt et al (5) and Hall et al (11},
follow: | - N
(1) Analyses were performed with signal sequences of in-

sufficient duration to obtain adequate representation
of the statistical fluctuations in the processed EMG.
(ii) The signal-to-noise ratio (SNR) in the processed EMGC

has been used alone to assess the relative performance

of processors without any measure of the method’'s



sensitivity to changes in the EMG.
(iii) Signa}s of low SNR (such as the féctified and smoothed‘
EMG) have been presénted to the subject ésffeedback
’wﬁen’frying to maintain a-.constant level of musc%e
tension. Large fluctuations in the feedback signal
prevent good controllability. ®
(iv) In an agonist muscle pair, only the proéagonist was

considered, with the neglect of the antagonist. .

(v) No study was conducted on the effect of electrode

» Y

position on the quality éf the results.
(vi)‘ Signal processor performances were comﬁared with dif-
feren{ EMG sequences presented to each processor.
This thesis along with an internal technical ;eport
(16), describes our approach to experimentation and anaiysis
of the EMG. The aim was to develop a technique which could
be used to assess éhe performance of several signal proces-
sors and to étudy the effect of electrode position on regsults.
A minicogmputer was used for sampling and storage of the EMG's
of the fiegor and extensor muscles of the upper arm under
isometric contraction. Tge subject maintained as éonstant
a net force as possible.l/The net force was measured at the
wrist with the elbow resting and held at angie of 90°.
The signal was broken into successive 6.5'§econd
windows for analysis. The values of the processed signal

were considered in a two dimensional coordinate system for

cluster analysis. One axis represented the processed flexor



values while the other indicated the extensor values. The

statistical parameters of the processed values for each of

twenty-three different net forces (force levels) were assessed.

From these parameters, isoprobability ellipses were constructed

‘
A

in the plane. The ellipses were allowed to enlarge in unison.
The number of distinct,-definablb ellipses was found by using
two conditions. The first was that one ellipsé of each over-
lapping pair must be discafded. The choice of which ellipse
to discard was made so as to rTetain the largest number
of distitzt.ellipses. The se%pnd condition was that t£; mea -
sured percentage of processed data enclosed by the appropriate
ellipsé averaged at least 95% over all non-discarded ellipses.
* The electrode position and the signal gprocessing method which
permitted the largest number of non-overlapping ellipsés
were chosen as superior. '
In our procedure and analysis, an attempt was made
tqQ minimize as much as possible the difficulties previously
described. The measures employed to overcome these problems

¢
follow:

(i) " The analysis prograns allowed the consideration of eleven

experiments simultaneously. Each experiment could consist

-

of a maximﬁm of twenty-three force levels with twenty
seconds of signa& sampling per force level. Thus as
much aé 220 seconds of EMG per force level could beq
considered 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



(ii)

(i11)

(iv)
(v)

(vi)

to consider more than eleven experiments.

& . . .
The mumber of distinct, definable ellipses was used to v
-4 ‘
assess processor performance. This value depended on
“ .

both SNR and on the* sensitivity of the pfocessed values -
to changes in EMG.

For each desired‘net f&rce, the deviations of the force
from this value were monitored by a force transducer.
This signai, having a high SNR, was presented to the

subject as visual feedback by using an oscilloscope.

Using this technique, force was controllable to within

4 I
+2% of the desired value. . .

Flexors and extensors were simultaneously considered.
Several electrode positionf for the flexor signal were
studied.. It was considered crucial to examine this for
Ehc flexor signal singce forearT flexion is achieved by
XY

the use of two distinct muscles rather than one (Section

5.1.3).

Since the sampled signal was stored on,disk, it was

. f
possible to- apply an identical signal to each of the

eleven signal processors which were realized in soft-
ware.

Due to the ease with which they can be implemented,

rectangular regions were studied as an alternative to ellipses.

Also,

-

the number of distinct levels definable for a one di-

mensional case, 'where only the extensor EMG is considered,
&

was investigated.

[
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CHAPTER 2

.

PROPERTIES AND ANALYSIS OF THE EMG

2.1 Basic Physiology and Signal Properties

The gross skeletal muscles of man consist of many
indiVvidual muscle'fibres (MF) each capable of contracting
upon stimulation [1]. A MF is stimulated by a complex neural
network {nvolving the central nervous system. Activation by
a signal from the nervous system initiates a chemical pfocess
in the MF involving the release of potenti;l energy stored in
the form of ionic concentratioen gradiengs at the muscle fibre's
cell walls. A transport of ions across the cell pembrane of
the MF occurs during actiQation.

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
résulting in a propagating wave of depolarization. The varying
electric field associated with this wave of depolarization is
referred to as an action potegtial (AP). 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
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nerve and'respond'in unison to stimuli. Such a group of
fibres is refe*red to as a "motor unit" (MU) and is the
smallest unit of the muscle which may be controlled inde-
pendently.

A muscle is composed of many such motor units.
These MU's are activated in an asynchronous manner in order
to achieve the desired net muscular force. The éwo main
mechanisms by which different muscular tensions are achieved
are the recruitment pattern of MU's and their firing rate.

In a muscle, there 1is a gra&uation in the threshold
force at which difffrent MU's will be xTecruited ang 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 effect of
the MU recruitment pattern on ngt'musc;lar force iz greater
at lower force levels than at higher onés since, for higher
force levels, the individual thresholds of most MU's have
been exceeded and they are already attive. It is the increase
in firing rate of MU's at higher force levels which is prim-
arily responsible for the muscle's activity [Z]l

To monitor the electrical activity intramuscularly
fine wire or needle electrodes are often used: Dde»to their
small size, these glectro¥es are selective in ﬁafure and can
‘monitor the activity of a few muscle fibres. Miln%r-Brown
et al [2] have studied the properties of the surface potential
in relation to muscle physiology by ;;fﬁgxngpdle electrodes

‘for intra-muscular recording and large area surface electrodes



=
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for extra-muscularx recordiﬂg. Great interest exists in this
surface potential or surface detected electfomyographic signal
(EMG)Féince it is readilf available and can be_useful in diag-
nosis o; as ;\controlysignal for prosthetics. From their
studies of cértain muscles of the hand, Miner-Brown et al
determined that thé MF's comprising a MU are scattered through-
out a volume of the muscle ragher.than localized in a bundle

as was once believed. They also found that MU's of different

activation thresholds are located uniformly throughout the

muscle.

2.2 Traditional and Suggested Methods of Analysis of the EMG

A photograpH of a bi-phasic surface detected AP is

" shown in Fig. 2.1(a). We photographed this AP from a storage

oscilloscope trace of the EMG of the biceps at a low force

level. The EMG consists of the summation of many such wave

_ forms. Fig. 2.1(b) is a sample of the EMG as measured from

the biceps muscle at a moderate level of ‘contraction. The

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

measurements, the apparatus and electrode positions were ‘as _

-described in Section 2.3, and Chapter 4. -

In an attempt to discover a superior method of_
signal processing of the EMG, a wide variety of techniques
have been employed with the goal of maximizing some or all
of the following properties: ‘

(1) ,fong term reproducibility

(ii) Short.term stability

7\
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(iii) Sensitivity of proccssed signal to changes in the

-

level of muscle tension.

Superior signal processing allows the processed signal from a .
¢ .

muscle site to be used either for discrete multi:funqtibn

control, or to be used for proportional control of prosthetiic, .
. ; .

arthotic and environmental control devices.: T S
-y . ! v
Although many exﬁerimenters have considéred that

the duration of an action potential may vary as a function

of the tension generated Sy the MU, Milner-Brown et al '[2]

a

observed no such trehd experiﬁgntally: Thex argued that their -
4 : : o .
observations, supported by a%atomlcal stud1cs,:1nd1cate that.

motor .units of higher: twitch tensions do ot poéses? more,
\ R oo ‘ .

~

but rather larger, MF!s;. It has been reported [3] %mgt'thp

rate of zero crossing of thS:EMG beaﬁs no marked relationship - - -

¢
- '

to force. Since others (deBruin’, private communiéationf[udj

~ N .

have had success with peak-Counting techniques and since out
\éarly’investigagions revealed them to be'péor,'bpt not without

3

merit, we also studied‘thése pecﬁniqueé."fn a peak counting.
method only peaks of a peak-fb-peak (P-P) amplitudé ih excess

of a threshold, w&ich'is determined by the noise in the mea-
= : - : ’ ¥ ’~ “‘ ' "3 A‘
surement system, need be '‘considered. When AP's summate they &

. .

may produce an effective offset in the EMG-baseline ovér short . .

periods ‘of «time. A zero crossing technique providpS'pbor’ren
Fe LB : -
- . < - 4

) . R ’ | ) o N
sults. in such an instance whereas a peak counting .technique,
“ . ~ . 1 v .
is less severély effected. _— \ NN .
. A\ '. - “ . -
- ) - - U »ﬁ
An approximate‘mathematical’reprqsentatiGn‘of the .~ -

.
~

EMG has been suggested [5] where the activity (EMG(t)) qonéisﬁs‘

+ N [ . *
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of an amplitude modulated noise signal: .

. 'EMG(t) = ¢c{t) n'(t) . : (2.2.1)

where“c(t] is the modulation term and

n(t) is the nqise or carrier signatl.
The modulation term c(t) is related to the lével of muscular
tension and contains uéeful informatign to be recovered by

¢

signal processing.

Ta

© By applying such techniques as signal rectification

~and low pass filtering, it is possible to ;etrieve some use-
ful information since c¢(t) has components of lower frequency
than n(t). Thi% is pagticularlyytrue for the éitqation, of
primary interest in this study, where the s;bject uses closed
loop central wervous‘system control (such as visua} feedback)
for voluntary exertion in the large skeletal muscles, such as
the biceps and triceps. o ’

Many experimenters hévﬁ observed that the muscular
force and the EMG, which has been proéessed gy rectification
andAave;aging (RAVG) , argilinearly related. ;n'such'}xPeri-
ments, various'mugcular tensions are investigateg with_ghe
subject maintaining  as coﬁstant a tension as possible. Qntil
récently a successfullexplanation of ghis relationship h;s
Been elusive. Milner-Brown et al 2] have elucfdated this
situation by suggesting that the linearity is due to thé
exact nature of the coﬁtributions of recruitment and firing
rate of the MU's to gié EMG. They were able to-'isolate and .
examine inéividual acéion potentials. They_observed that
the P-b amplitude (Fig. 2.1) is linearly related to the area

-4

-
e
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‘

under the wave form. The sum of such P-P amplitudes (SUM)
should thereforﬁ\ﬁe related to the RAVG by a simple constant.
Since the P-P transition occurs ig-a-fraction (0.3
to 0.5) of the total AP duration and %iﬁce the P-P amplitude
is independent of any base line, SUM is less sensitive to
any frequency components of base line drift which are within
the amplifier's béndwidtﬂ, thhan is RAVG. Furthermore, at
higher force levels, the incrgase in MU firing rate and the
increase i; the number %f active MU's, due to the recruitment
pattern, causes an increased probability 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 consists of the summation
of man; AP's. As the time i@tervgl involved in measure%ent
of P-P amplitude is only a fractioq of the total AP duration,
the probability that AP's will oéerlap during a P-P transi-
tion is less than the probability that they will overlap at
all. Hence the P-P amplitude fs less 'likely to be strongly
effected by gverlap than is RAVG. For these reasons, SUM
should prove to be a more reliable measure of muscular con-
traction than RAVG, parqicularl; at higher force levels.
The EMG has a random component (n(t)) and since i%
exhibits only short term stationarity, the type and time
constant of the filter used helps to determine the reliabil-
ity of the results. The work‘of kreifeldt [{7] demonstrates
that of first and third order Butterworth and of third order

averaging filters, the averaging filter is superior. As will
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be discussed shortly, the experimental method used in his
wassessment of filters causes the results to be difficult to
i;%b{gret. Since we wished to use a digital computer for
analy;ﬁs, it was decided’to use the easily realizable aver-
aging filter.

Kinesthetic studies performed;by Neilson [6]7 h7ying
fhe goal of tracking imposed random angular changes in the
subjects other arm, indicate that, for voluntary contro} of
the elbow angle, the significant spectral power is only in
the 0-2 Hz. band of frequencies: Since we were interested in
muscles which control elbow angle and we wished to find a
siénal processing method providing a signal suitablé to con-
trol tasks of-a voluntary ;ather than a reflex nature, it
was decided, having considered Neilson's results, that a
filter time constant of 0.5 sewonds would allow a sufficiently
rapid system response. In addition, a 1.0 second filter time
constant was utilized to nete 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

. ~n
clinically tested a three-state myoelectric control sysfem.

Bottomley [10] presents a scheme where both the protagonist
and antagonist muscles of an agonist muscle pair are considered
for control purposes. Kreifcldt et al [5] gives a mathematical
formulation to prédict the signal (the mean value} to noise
(the\standard deviation) ratio (SNR) of several clasies of

.

non-linear signal processors including the RAVG processor



for the case where muscle tension is constant. This i; done
to determine the superior processor from the point of view

of SNR. The SNR's predicted on the basis of Kreifecldt's
formulation and those which he observed were markedly differ-
ent.

One of the main reasons for this difference may be
that fn the formulation, it was assumed that-the muscular
tensién (c(t)) was a constant while the experimental arrange-
ment did not ensure this. To assist the subject in maintaining
a constant tension, Kreifeldt presented the smoothed EMG as
feedback. When a ;ectified EMG is smoothed by a filter of
short time constant, statistical fluctuations of significant
amplitude will be present in the Gutpﬁt signal and the output
signal will not be an accurate measure of the muscular con-
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 possible that he will produce large
oscillatioﬂs in c(t). In his formulation, Kreifeldt assumed
that n(t) may be‘represented as Gaussian noise whereas recent
results [2] indicate that this is not‘necessamily true. Othefs
[11] utilized the same form of feedback and found similar SNR
(i.e. SNR = 2 to 4) whén performing a study of the biceps-
triceps muscle pair. .

Although 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
EMG for the antagonist muscle is usually too high to ignore.
This may be due to antagonist activity or the detected 4ignal
may arise %rom the activity in the adjacent protagonist.
Without the aid of needle electrodes to selectively monitor
activity, it would be incorrect to assume that the antagoﬂist
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 bréchialis (BR) are both active during
isometric contraction with the wrist supine. Due to their ~
proximity, considerable cross-talk may e%ist in the EMG. The
primary extensor of the forearm about the elbow is tﬁe tri-
ceps. This muscle consists of three diffcrent heads, each
active under certain circumstances but all active during ex-
tension against a reéistancc [13]. From the complexity of
the situation;, it i1s to be cxpected that eclectrode position,
in part, dctérmines the quality of results. An illustration

of thesc muscles 1is given in Fig. 2.2.

2.3 Overall Aim and Experimental Proccdure

A set of experiments was designed to provide the
following information:

1) the performance of several signal procéssors.

b
h

-
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2) the effect of electrode position on the quality of the
results.

The necessary hardware and software were developed
(bhapter 4), [16]). Due to a lack of time it was impossible
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 tg 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 fluctuatéons in force. Thus it is
a reliable signal to use for feedback. This eliminates the
problems encountered when signals of a lpw SNR, such as the

rectified and smoothed EMG, are used fofﬁ

H

’

feedback. The
negligible 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—pﬂase 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
;wo 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 A/D 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 se-

-
.

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 foéces usea was’app;oximately -8.0 to +10.0 Kg
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. Furthexr infor-
mation concerning the apparatus and experimental procedure

is presented 1in Chapte; 4.

Each EMG signal was p£ocessed 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" data. The value per-
taining to the flexors is referred to as "B." (biceps) and

I

that pertaining to the extensors as " " (triceps). By

Tr1
considering these values as coordinates in a plane, clusters
of data associated with each forcé level can be obtained.
This two dimensional approach immediately sugéests
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-dimensional 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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Fig. 2.3 Graphical Representation of Statistical Parametcrs

Associated with each Ellipse



B

20

n (23 v 3 - 3
referred‘to as MEANB while that for the TRI data 1is
" 1" T T s :
MEANT . The standard deviation about the mcan of the BI
- 11 1 3 3 " 1t
data is "S5 while that for the Tot data 1is SDVT . 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 level is 68%.

To maintain a constant force when the antagonist

muscle increases tension, the protagonist must increase its

s

activity. These changes will be evident in the DISTILLED

.

data and cause a simultaneous increase of hoth MEANB and

oy

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

it is possible to define another ellipse with an axis along

~

a line intercepting the BICEPS axis at some angle (ANGLI)

which has a distinctly rdduced area as compared with the pre-
. -

viously defined e¢llipse. This situation is illustrated in
-«
Fig. 2.3. The line L1 .is one axis of this new ellibsc while
. - - l

a line perpendicular to it, passihg through the two dimensional

-

mean, is the other axis. .The standard deviation measured along

Ll is "SbVBN"'while that measured along the other axis of the
. 2}

ellipse is "S '. In addition, it is possible to choose

'
DVTN
ANGLl 50 as to minimize the cllibse area. Further information
and the mathematical relationships defining these statisticatl
parameters are presented in Chaptgr 3.

The use of stdtistical parameters to define suitable
A )

re2gions to enclose data clustérs and the use of the ellipse

-

of minimum area provide two advantages. Results are easy to
-y

o

B .
. o
4 s \
, . .

N : , \
" »
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interpret and excessive development time is not necessary

[

since calculations are comparatively uncomplicated. Consid-
erable complexity would be involved if regions 'of a general
shape were used.

For reasons to be discussed in Chaptexr 5, the measured
distributions are often not normai. However, 1T the data for
different experiments may be assumed to be statistically inde-—

pendent, the distribution will approach a normal one when the

I

results of a large number of experiments are combined. For this

reason, it was decided to measure certain parameters associated

with the higher moments of the distribution. These parameters are
) - N

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

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

When rrl ® 1, the data has a marked linear trait. In such a case

the linear fit is useful in determining how M and M

EANB EANT '2%9>

~ -

at constant force, for different muscle contraction levels. We
did not have gime fg/;;vestigate this variation, but certain
suggestiod& atre made {Séctign 6.2) concerning this.

1If a distribution is not normal the probability of

the data lying within the appropriate ellipse-of a given size

@

(where size refers to its axes dimensions measured in units of

S

pvgn 2nd SDVTN) is dlfflcqlt to assess. It also implies that

.

eliipses are not necessarily isoprobability surfaces. Because af

~

this, it was necessary to count the percentage of data points

actually lying within afh ellipse to obtain a measure of the con-

w
&

fidence. .

If an ellipse is enlarged, a higher percentage of

N . «
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data points.will lie w{tbin ic. All ellipges were allowed e

to enlarge in unison and overlappiwg ellipses were discarded.

A
in order to retain as many distinct regions as .possible- with

.

N LY

the restriction that "as .high a reliability as possible was

[N

maintained.
Based upon the above considerations, 'a criterion

was established by which the relative perfdrmance'bf the

’

various signal processing mMethods could be asseésed. The .
superior s@gn;i proc;ssing method was chosen as the one which
permitted the definition of the lgrgést number of distincg
ellipses with the condition that the average percentage of
DISTILLED data points within these e&{ipses be greater thanmn

95%. . .
. (W .y

<

This was considered to be a useful criterion for

assessing the performance of the signdl'professing methods

sinée the definition of many distinct levels permits the

realization of many unique control functions-from one muscle
| N k : .

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

agonists in one control unit since this prohibits the inde~-

>
[

pendent use of each for simultaneous_ control of two functions. -
Developidg independent muscle control requires more training -

v Y

b -7 o .
whereas in our method, in ‘which the subject exerts a desired

a

net force’, natural muscle usage is maintained. Also, as we have

. "

observed (Section 5.6) more distinct control levels are éefinaflé'

[l

using the proposed two-dimensicnal scheme, than by considering

the agonists independently.

A )

Although many experimenters (5) (11) have noted the
«

importafice of the SNR in assessing the performance of sigpal
- D

/ :
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. . . » - - .‘ ,‘ . d
processing techniques, the-sensitivity of the various methaods :

should, also be considered. The above'prqébddrq ingorporates

. ’

s

"both of these features. Examination of the SNR in our experi-

mentation revealed whether or not the SNR, in .itself, provided

‘a useful parameter with which the relative perfo}mandg'ofi

;

»

¢ , P

sigﬁal processors may be examined (Section 5.2). S o

-
B N v

It was decided to employ data filtering windows

of both 0.5 and 1.0 .seconds and to examine a total of eLGvep‘

»
-

. ) - . ' . s . :
different processing methods. The various power and som¢é of !

the root law detectors examincd. by Kreifeldt [5]}: were included.
in the study. As was'mentioned earliér, the method of pcak,

counting was 'also of intefest. Mecthod SUM, applied to both

the signal and the inverted signal, "was ‘investigated. It L,

was necessary to examine both the signal and the ‘inverted :

signal to ascertain if a superidr performance is obtained
§ -, w . .

. -

" for one of them using the peak deteccting method.as described .

v -

“in. Chapter 3. ft- was also decided to evaluate the performance
- 0 - - [

v o

of a series af methods where the sSum of a power of the. P-p
e . . ) = .

amplff@de is determing.d ovcr,cach.data\windpw. “Further dis-
N . X i ' ) . o .- ' i .
cussion of-the signal prptessing‘?ethodS'smudied is givem -

-
»

“in Chapter 3 and a sdﬁmary of these. methods is giveﬁ,in.TApLE

.:.

;" ' ' B - v s : . - i
3.1, o ' - _ . o ‘ RN

Due- to time: limitations 1t was not possible to study
' . N , v % . .

.

* Il

other promising signal processing techniques of recent interest.

The potential of time series ‘analysis techniques has bgen

¢zmonstrated by Graupe et al [14]. *A simple.technique dif-

« N L} R —- * “ »
ferentiating between muscular actions for adjacent muscles”™ O .

’
. - .
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with high cross-talk by considering signgl-

described {15).

"y

RN

<
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CHAPTER 3

MATHEMAIICAL FORMULATION

3.1 Signal Processing Methods

Eleven different signal processing methods are

considered in this study. These methods and their mathe-
matical definitions are préesented in Table 3.1. The fol-
/ .

lowing observations and definitions should help to clarify

the information found in this table.

3.1.1 Power‘lawgﬁyoccssors:

N

A total of five power law signal processors were
examined. Analog cquivalents of these processors would

consist of a full-wave rectifier followed by a mon-linear .

)

'gain clement followed by an averaging filter. This is ilil-

. ¢ o]
ustrated in Fig. 3.1. The signal x(t) is first rectified

providing an input of |x(t)| to the non-linear gain element.

The output of this non-linear gain element 1is (Ix(t)l)n. The
ideal averaging fidter, as indicated in Fig. 3.1, produces an
output which is the time average of its input signal over the

)

interval T. Such a processor may be realized on a digitatl

‘computer utilizing a high level lﬁnguage such as FORTRAN with

minimal effort.



Table 3.1 Signal processing methodé{émgloyed

MATHEMATICAL DEFINITION

-

APPLIED ‘BY—"""

METHOD ~ DESCRIPTION ABBREVIATED
NUMBER NAME PROGRAMS :
1 Sum of all peak to peak signal Pec SUM DISTILL
excursions over a window which Z (P (1))
exceed F 321  TOP )
NOISE’ -
. r ~
2 Rectified average of signal INB RAVG DISTL2,
| LIl /1, DISTLS
li=1
fI 3
3 Average of fourth power of signal. ‘ NB 4 FP DISTLS
I (XGENY| /1y
i=1 ,
. ( ) d
4 Average of second power of signal. & INB 2 - Sp DISTLS
LN (1
i=1 y
£ '
( 3
5 Average of Half power of rectified Ing L \ HP DISTLS
signal. Iodxan /Typ
(i=1 y
(«I ?. A
6 Average of quarter power of NB 1 QP DISTLS
rectified signal. . v z (lX(i)h4 /INB .
o (i=1 )
7 Same as #1 but as applied to Pec SN DISTLS

inverted signal.

L (Ppop(i))

i=1

9¢




Table 3.1 (continued)
METHOD DESCRIPTION MATHEMATICAL DEFINITION ABBREVIATED  APPLIED BY
NUMBER : NAME PROGRAMS::
8 Count of all peaks of height > pCC DISTLS
FNOISE for th? inverted signal.
9 Sum of the square of peak to peak pCC 2 SMSP 'PISTLS A
signal excursions for the_inverted b oo(Ponp (1)) :
. o . TOP 3y
signal, ¥ i=1 o %R
10 Sum of the peak to peak signal Pec 3/2 ' SMIPS DISTLS \::>
excursions raised to the power. ) (Ppop(i))
of 3/2, for the inverted signal. i=1
11 Sum of the peak to peak signal pCC C SMHP DISTLS
excursions raised to the power Z (PTOp(i))'i
of %, for the inverted signal. i=1 ,

Lz



N t
. 1 n
Full Non n Time T J (1x(t)l) dt
Wave Ix(t)] | linear (Ix(e) )y Averaging t-T
Rectifier > Gain > Filter* ra
element

Logarithmic and anti-logarithmic amplifiers
are used to produce the desired transfer
function [5].

* H, Garland

"A State Variable Averaging Filter for

/
Electromyogram processing." ‘a
‘ Med. § Biol. Eng., Vol. 10, pp. 559-560,
(1972),
#

o

Fig. 3.1 Nonlinear analog-signal processors

8¢
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For digitized data, the input to the processor 1is

. .
a series of distinct samples (X(i)) taken over a measurement

‘

window of length T seconds at a sampling rate of K samples/

Ysecond. Thus, for one data window, a totad of INB
. -

;?ﬁ recorded. where:

samples
INB = TK . (3.1.1)

Using digitized data, a power law processor, of power n,

which performs the samec function as the previously described

]
analog processor, does so by evaluating:
1 INB n
+— 1 xcb (3.1.2)

NB i=1 -
« _ ) ,
The mathematical definitions of the various power law pro-

\

cessors which we studied are given in TABLE 3.1.

bl

3.1.2 The Peak Dectector:

+

" 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. When

a change of slope occurs the sequences of events depicted in

¢

the flow diagram ( Fig. 3.2 ) ensues.

Initially, the value of the.previous slope (Fprpy)

AW N
X) are zero. This

«

and the value of the previous maximum (TMA

peak detector searches for a positive peak or platcau which

-

represents a local maximun that is greater than the cuwrent

When . a minimum is found (T such that the P-P ampli-

buaxe MIN’

tude‘LQ?op) is greater than a previously determined hoise
\ ‘ N
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Consider next data point.
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F

=f

PREV " PRES

NO

~Comment~

The current data point
(x(1)) is a local minimum.

Consider next data point.

YES

The current
data point
(x(1)) is a
local maximum.

~Comment-

MAX

e
B

The current peak is of a sufficient P~P amplitude to_be
considered in computing desired quantities such as SUM, PCC, etc.

Figure

3.2

Flow Diagram of Peak Detector
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threshold (F the peak is considered to be of signi-

NOISE)’
ficant amplitude. The P-P amplitude is:

p =T - T (3.1.3)

If P is greater than F the value of the data point

TOP NOISE’

currently under consideration, which in this case is a local

minimum, is assigned to T This assures that the next

MAX"

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

AX

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 amplitude. The. total number of such peaks in a

window is the peak count (P To investigate the effect

CC)‘
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 Statistical 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 analysis programs [16]. These equations

were selected since they permitted evaluation of all quantities
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of interest after only 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
interest. The coordinates on the plane of the SISTILLED data
for the,ith window of the force level under investigaéion
are: (BI(i), TRI(i)}“ If N.is the number qf data windows
analyzed for a force level, the mean and standard deviation

for the BICEPS dimension aré:

N
_ 1 .
Meang = & 1. Bp(i) (5.2.1)
i=1 .
i
N 2 N 2 2
Spyp = N .{ (B; (i))° - .{ 31(1)\ N(N-1)
. i=1 i=1
(3.2.2)
Similar relationships exist for MEANT and SDVT’ The area of
an ellipse (AREA} with axes of lengths 2 SDVBN and 2 SDVTN
/ﬂs:
ARea = ™ Spven Spvrn (3.2.3)
Since both SDVBN and SDVTN are functions of the
angle Ay., (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:
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, N 5 N
_[} <::§s _Z (B; (1)) + 2 Cg SN--Z BL(1) Tp,(1).
S - i=1 i=1
DVBN
4; ' y N N 291 %
2 .2 . :
+ S Y (T, (i)) - <::F B.(i) + S T, . (i) ]
Y i=1 M > s (L Sy 2 T >
(N(N-1))
(3.2.4)
’ N ‘\‘ N
N <::csz D) (Tpp (10)% - 2 Cg s LB Ty (3)
S - 1=1 i=1 i
DVTN

N’ , . N N >
2 . 2 - . ' .
+ S B - C T - S,.. B

(N(N-1))
(3.2.5)
‘where ’
-‘ C. = cos (A, ~:.)
S NGL1 (3.2.6)
Sy = sin (Aggyy)

From these equations, it is clear that AREA is a complex
o
function of ANGLl' For this reason, an iterative technique

was used to determine A such that the change in the cal-

NGL1

-culated Ap., between successive approximations was 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 data.



b N °
Eq Y B, (1) T (1) - Y B, (i)
i=1 i=

1 I 1
N s N
[N L (B;(iN? - l Z'BI(UH
i=1 i=1

LOP

(3.2.7)

The correlation coefficient "r" was also calculated.
The range 6f values which r assumes is: 0 < |r] < 1. When

|r] approaches 1, the data has a strong linear trait.

N : N
[.Z By (1) Tpp(i) - Mpayp L TpyG) = Mpayp 1By (i)
1=1 i=1 1=1 s

T =

’

N Meads MEAN;] : " (3.2.8)
LN-1) Spyp Spyr] '

Certain normalized quantities can be calculated tq
determine whether or not a given uni-dimensional distribution

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

symmetry about the mean, of the distribution as measured

along line L1 is ALPHSBN'

1

A _ Third central moment (along line L1)
LPH3BN (s .

)3
DVBN : (3.2.9)
If ALpH3BN # 0, the distribution is skewed and the degree of

skewness is proporsional to the magnitude of A A

LPH3BN"
similar relationship can be derived for the symmetry of the
distribution measured along the other axis of the minimum

area ellipse. A measure of the kurtosis (or, peakedness) of

L]
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the_distributlén along line L1 is ALPH4BN'

Fourth central 'moment (along line L1)
(S

ALpH4aBN X
DVBN (3.2.10)
= 3. If

For a normal distribution, > 3, the

ALpHaBN ALpH4BN

distribution is somewhat more peaked than the Gaussian distri-

LR

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 ALPHSBN-and ALPH4BN

can be found in many texts [17].

. : \

)
3.3 Determination of the Percentage of Data Points within

an Ellipse -

Once the coodrdinates of the foci of an‘ellipse are
known a simple test may be used to determine if some point
"P'" having coordinates (BI(i), TRI(i)) lies on or within it.

The two foci, ”Fi”‘and "Fz", are located on the ellipse's

t

ma j axis. (Refer to Fi'g. 2.3.) The point P-lies on or
witﬁﬁnkife ellipse if the following condition holds:

Ly + L, g 2A _ | (3.3.1)

where A is one-half .of the length of the mgjor axis of the

.¢llipse (For Fig. 2.3, A = L. is the distance from P

SDVTN)’ 1

to Fl and L2 is the‘distadce from P to F

If the coordinates off?1 are (F

.
181’ Tifry’) @nd

are (F F L, and L, may be evaluated

2 2BY’ 2TRI)f 1

with the aid of the Pythagorean theorem:

those of F 2

&
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o
I

. 2 . 2. .
p = [Bp(A) - Frgp) v (Tpp (i) "\FITRI) ]
. (3.3.2)
LB (L) - F )2 + (T, (i) - F . )°)%
2 A8y 2B1 RI 2TRI

ol
[

The coordinates of the foci of an ellipse may be

calculated by using the following relationships:
Figr = Mganp * F cos (@)

M - F cos(g1)

FoBr = Means
(3.3.3)
- Firrr 7 Mpawr * Fosin(fL)
Forrr = Mgany - F sin(41)

where F is the distance between either of the foci and the

bidimensional mean so that:

-

P = (a2 + B2} (3.3.4)

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

-

Fig. 2.3, B = SDVBN) and, where ﬁl‘ls equal to Ag. . if
. . . . T .
Spven 2 Spyry OF 1t is equal to Ayey) + 7 1f Spypy < Spyry-

Once it is possible to determine if a particular data point

"P'" lies within a certain ellipse, the calculation of the
percentage of déta poih;s lying within the ellipse is straight-
forward. As_mentionéd in Chapter 2, it is Pseful to ‘allow

- the isoﬁrobability ellip%es to enlarge so as to increase the

percentage of data points lying Wiéhin them. Ah ellipse

UFF

By expressing A and B in the previous

~

enlarged by a factor "

1" 1 ‘
pUFF will have axes %engths oﬁ P

.

Spven 279 Pypp Spyrn-

and~PUFF SDVTN’ a more

equations in terms of PUFF SDVBN

suitable form of the equation is obtained.
As ellipses enlarge, they overlap. Since it is

. n

-
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_desired to retain only distinct or non-overlapping regioné,

one rellipse of each pair of 6verlapping ellipses m&st'be

discarded. Therefore, it is necessary to determlne when two
: & s

ellipses overlap. - - ) Lo

Consider ellipses J and I, each enlarged by a factor
pUFF“ Coordinates of the poiﬁts lying on-.ellipse I will have
the following. range of values when the éllipse's'axes are

used as the coordinate system:’

= I xul ‘.
\\‘. _ o (3.3.5)
IVYNI g B

P ad
/
o
A
"l\

N w

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

- » .. ! K “ 3 :l » - - “ X
ellipse's major axis) and VY is the coordinaté as measureds -

~ . .

along the ordimate (the ellipse's mlﬁor ax15) -

XN

»
appropriate limits, the two values of VYN are detefmined as:

’

By chosing a value for Vv whlch 11es within the

. . -2 2 N ;5 N B
. Vyy = B (<10 - v, /A |} . (3.3.6)

The two points on the ellipse. in this coordinate

s&stem are (V N) and (V To determine thg.

XN’ XN ‘VyN)'
coordinates of these points in the BICEPS-TRICEPS plane the

N

folllowing transformations are used:

BI(l) = V sin(g2) + V cos (f2) + M

XN YN EANB
. Ty (1) = Vyy sin(g2) AV, cos(#2) + FEANT
) _ : , (3.3.7)
Br(2) = Vyy sin(@2) - Vyy cos(#2) + My

. _ yooo )
TRq(z) = =Viy sin(@2) - VN CQi£?2) + “EANT



-

. . LI S .
where #2 is equal to AngrL: * 7 if SpugN Spyry ©OF it is

and where the transformed coor-

>

equal to 0 if SDVTN > SHvVEN

dinates of the point (VXN’ VYN) are (Bf(l)’ Tﬁl(l)) while

those qf point (VXN’ —VYNQ are’(BI(Z), TRI(Z)).
Now that the coordinates of the points on ellipse
I are known, equations (3.3.3) may be used to find the foci

of ellipse J. To determine whether or not the point (BI(I),

. TRIJI))‘or (BI(Z), TRi(Z)) lies within ellipse J, condition-

Y .£3.3.1) is used. T ;.

In pracf{}e, it has been found that if sixty-four
s /
points are used to approximate the Ith ellipse, it is possible

*

'bto determine the PUFF factor at which two ellipses first over-
giap to within a resolution of #0.05. Since it was observed
that the percentage of data points ‘within ap ellipse is not

a rapidly varying function of P for the values of interest,

UFF

this resolution was considered to be sufficient. In circum-

K

. stances Where\SDVBN and SDVTN

tude (thisﬂoccurs only for power law detectors of high power)

differ by“many orders of magni-

r

it is necessary.t® use dauble precision throughout these cal-

4

&£ culations.

b

3.4 Discarding Ellipses

N v It is necessary to discard one ellipse of a pair
overlapping at a particular PUFF value. Two conditions must
kN ° ’ ‘

be met when discarding ‘ellipses: "
: \ : &

" (i) The'ellipse corresponding to the~force level of the

" resting arm may not be discarded as it 'is essential in

" b
1

-t \’
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any practical situation.

- -

. (ii) Of all the possible sets of ellipses which may be diss

carded to-eliminate overlap, the one discarding the fevest

- a .
ellipses is to be chosen as it maximizes. the number of

)

< - distinct levels.
- . -
. <3
The first condition s easily met. It demands that:

¥

ény elliQse overlapping the ellipse representing.the resting

%

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

- LN . N

pressed in mathematical form.

"Consider that ‘at some value of P the number of

UFF’

ellipse pairs which have overlapped is '"n": These ellipses
are each denoted by a "ievel number" between 1 and X, -where
ﬁ is the total number of force~1eVels’considered. Let the
1evél numbers of the elements of. the zth pair of overlapping
ellipses be kFP(E) and KSP(@). The n conditions which must

~ . - ]

be met ‘to avoid overlapping are:

-

: \ 2=n .
7 ' i % ’ b '
| (Either Kpp(ﬂ) or KSP(E) be discarded } o1 (3.4.1)
* ; .
~ FIf KFP(E) or KSP(K) is the force level for which the arm
g lies resting then the other level of the pair is discarded.
? .
Utilizing Boolean notation, these n conditions may be expressed
, ’ .
& as one;:

. . e Di;parﬁ (KFP(l)‘+ KSP(l)) ',(KFP(z) + KSP(Z)) "-5- :

EY

i : (}FP(R“l) + KSP(n“l?) ’ (hFP(n) + Ksp(n)) (3.4.2) \
H
¢ ‘This condition may be written in the form:

Discard (KFP(I) . KFP(Z) L. KF?(n~l) KFP(n))

‘ + (Kpp (1) 7 Kgp

+ (Kgp (1) 5 Koo (2) 7 ... 7 Kop(n-1a) : KSP§n>) (3.4.3)

(2) ° ... KFP(n—l) : KFP(n))."’

SP

e

et
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To satisfy this condition, it is necessary to discard any
one of the set of logically anded elements. If the mth such
group of elements is denoted as P(m) then (3.4.3) becomes:

Discard P(1) or P(2) or ... or P(m) or ... or P(j)

(3.4.4)
where, clearly, j = 2™, Although 2™ products exist, many of
them are "identical. It is also not true that each product

!

must contain m unique elements, since a particular.ellipse
may occur in more than one of the.m pairs.

Therefore the problem involves the selection of a
product P (m) whic£ is one of the group of unique products
having the minimum number of unique elements. This logically
simple process is practically impossible to perform without
the aid of a digital computer when K is large (K was typically
23 in our experiments) and wgen m is large (common vdlues of

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

lapping ellipses).



CHAPTER 4

MEASUREMENT AND ANALYSIS TECHNIQUES

This chapter will review the design considerations
and describe the necessar} 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. 4.3. Further detailed
information regarding the hardware and software can be found

in a technical report of this work [16].

4.1 Data Acquisition

4.1.1 Electrodes and Amplifiers for the EMG:

To obtaig high quality, reproducible results, care
must be taken with signal measurement and amplifiéation. The
type of’electrodes and the nature of the experiment determine
the éppropriate amplifiers. Dry surface electrodes were
chosen since they require‘less preparation and cause less skin
irrifation than wet surface electrodes. Coin silver electrod;s
of diameter 1.7 cm. were constructed by grinding one face of
a pre-1967, silver Canadian dime to a smooth surface. Asléad

was soldered to the other side for electrical contact.

Electrode preparation prior to experimentation involved

41
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clearning the ground surface with a fine emery paper. A
similar arrangement was used by Geddes et a% (18) who determined
that the resistive components of such electrodes (R) vary

with time (t) in the following fashion:
R = 1284 ¢ 0" 3% ko + 66.3 ko (4.1.1)

. L 4
where t is time in minutes and t=0 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=0 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 tw appear as a potential

across the.amplifier's input impedance (zi). This produces

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

gain increased with time. If z, is sufficiently large, these
changes due to R are negligible.k A centre to centre Inter-~elec-
trode spacing gf 2.2 cm'was_chosen sinnce it permitted con-
venient m;unting of the electrodes on a foam pad beneath the
epoxy encapsulated amplifier (see Fig. 4.1(a)).

A study of the power spectral density (pts.d.) in
the muscles of thg hand, using bi-polar surface electrodes,
revealed that significant spectral power existed only in the
10-250 Hz .band of frequencies. Using similar electrodes to
the ones which we used, but with an inter-electrode spacing
of 3.3 em, de Byuin (4) observed that the p.s.d. outside the
band of 10-100 Uz was less than 15% of the maximum. The

zaximum was located at approximately 50 Hz. For frequencies

greater than 250 Hz, the p.s.d. was less than 2% of the
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maximun and it diminished vapidly with frequency.

. The prescnc& of high value (200 mv. P-P) line
frequency potentials {n’a human subject who is n&t extrémely
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
elimina;;d by filtering but this would cause considerable
signal distortion since the pecak in the EMG p.s.d. %s at 50
Hz. The traditional solution, and the one used in the pre-
viously mentioned p.s.d. studies, is to rely on the common
mode Tejection of-a difyg;cntipl amplifier to reduce line
frequency noise as it is primarily comhoﬁ mode.

. If thc'ampfificr is remotcly connected to the

.

electrodes by a standard coaxial cable, considerable poten- >

tials of a wide bandwidth can bc‘gbnerated by cable motion.
To reduce this problem, a specially designed cablec may be
used [21] or the'amplifier may be located in close proximity
to the electrodes fZOJ. -
Cénsidcring the above information, an amplifier
circuit, based on a comwgrcially available integrated circuit,
was designed and tested. . It pfoducedhlow—noise high quality
EMG's. The specifications of this amplificr.are given in
TABLLE 4.1.' Fig. 4.1(a) is a vicw of tﬁis époxy cncapsulated
anplifier showihg the ec¢lectrodes mounted on foam pads attached

e

t2> the encapsulation. A third electrode, used as ground, is

aiso shown mounted on its own foam padded nolder. The use

of a dry 'surface electrode as-a ground provides good isolation
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Active clement used for instrumentation amplifier:
~

ADS521XD instrumentation Amplifier, Analog Devices Corp.

(dual-in-line ceramic package)

Specifications for Instrumentaticen Amplifier

Gain: ) 60 dB

3 dB Bandwidth: 10 Hz to in excess of 20 KHz
CHMRR, 10 to 250 Hz: 110 dB min.
Input Bias Current: 40 nA max.

(either input)

Differential Input . 9
Impedance (zi): . 3 x 107 @
Common Mode Input 10
" Impedance: . 6 x 10 Q
Power Supply: +9 V (transistor batteries)
Encépsulation: Casting resin. Electrodes mounted

on foam pad beneath encapsulation.
Dimensions of encapsulated amplifier
with electrode pads:

4 x 6 x 3.5 cn.

Specifications of Instrumentation Amplifier
followed by Gain Augmenting Amplifier

Gain: Selectable: 60-30 dB
3 d8 bandwidth: 10-1000 Lz

RMS noise mecasured by

monitoring the inactive®

biceps muscle (referred

to input): 11 wy

v

* This includes noise due to residual EMG activity and other
physiologicdl sources such as the EKG

~

Table 4.1 Amplifier Specifications



Fig. 4.1(b) Electrode positions. (lateral view of right -arm)

5?,”



of the subject from power line ground (66 KQ). It also pre-
vents damage to the amplifier's input terminals frem large
static potentials which may cXxist 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
it requires that a continuous current pass through the elec-
trodes to satisfy the amplifier's input bias requirements.
However, for our amplifier, bias currents were so low (40

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

4.1.2 Positioning of Electrodes on the Upper Arm:
A .
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 ex-
;miﬁed at a total of four different positions for the flexor
signal and at one position for the extensor signal. This
procedure was adopted §3nce preliminary results were inferior
vhen the flexors were p;imarily active as compared to the
case where the extensors werxe the protagonists. Furtherﬁore,
a marked variation in the quality of results for the flexors

‘was observed with electrode placement.

The electrodes used to monitor the extensor signal
b

were placed over the crest of the triceps muscle. Electrode
positioﬁ P0 for the flexor signal was chosen as the crest of
the biceps muscle while the three other positions (Pl, Pz, P3)

were centred along the horizontal line joining P, with the

electrode position for the extensor (PE) and located on the

.
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Flexor Amplifier 47

! . ] Ground

\\‘ ///ﬁlectrode

-

Fig. 4.1(c) Positioning of the Flexor EMG Amplifier and the
Ground Electrode (Medial view of right arm)

Y

Extensorx

Amplifier

Fig. 4.1(d) Positioning of both EMG amp}ifie;§~gpa§gral view
> of right arm)

P ~
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lateral aspect of the arm. Pl’ P2 and P3 were located at 1/6,

1/3, and 1/2 of the distance from PO to PE, away from Po;

"pectively. Fig. 4.1(b) shows the actual electrode positions.

res-

Fig. 4.1(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 joiningf’P0 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

9

at an inactive site because the amplifiers employed have a N

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

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

-3

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
which was clamped at one end but free to move ;t the other
(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 results in an imbalance of
the bridge. With the appropriate electronics, thi; imbalance
may be measured. The properties of the force transducer so

constructed are presented in TABLE 4.2.

During experimentation, the arm is positioned as'
. . N \ . M -I

L
shown in Fig. 4.2(b). The elbow 'is resting on a padded

PR -

shelf. The-wiist is in a collar which is used to exért a

H -
-
a =

. force, during isometric corntraction, against the resistance
. v

)
L

.a .
SRR . ~ PR

- St .. e . 4
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»
RANGE OF MEASUREMENT: 7.8 Kg. to +11.0 Kg*
OUTPUT VOLTAGE: Vour = ©-5 () + Vgpo
. ' where: Fr is the net force in Kg.
exerted on the bean at ‘
~ the point of measurement -
yOfF is én adjustable
) . offset voltage
SENSITIVITY: Changegln VOUT © 0.5 V/K
Change in F_ T S8
"HAXIMUM UNCERTAINTY*: '£6% where: 0 < ]F*P;O.S Kg. ’
. . - it . 3
£3% where: 1.0 Kg. < IFrl

* This includes error duc to\calibratibiliiy, lincarity, 1long

term drift and short term drift duc to metal crecep.

N

AR

Table 4.2 Properties of Force Transducer
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of the force transducer. The elbow joint angle is.maintained
roughly at ninety degrees by using the right angle of the

elbow rest as a reference. As different forces are exerted,

’

the bar bends and it is‘necessary to adjust the vertical

position of the elbpw pad to maintain the desired elbow angle.

2,

If adjustments are made so that for a particular measurement :*

- VOEF = -0.5 FD volts : (4.2.1)"

e

~
e ra P e e

T

volts wheén that particular force is exerted. This permits

~ A 2

the use of an oscilloscope on a high sensitivity setting ¢

where F_ 1s &Pe desired force in Kg., then VOU

D will be zero

(20 mv./cm. i.e. 40 mg./cm,) t6 provide visyél feedback to C.
‘the suﬁject,hﬁhereby'achieviné'the desired degree of control-
abili;y. Using thig method, the subject was. able to maintain
such a constant force that the standard'deviations weré 1-2%
of the heans throughout the force range of’meésurement:

| In a typfcal experiment, a total of 23 different
foree'leyel§ were used. It was necéssary to take the weight
(W) of the resting forearm, as measured at the wrist, into
‘accopnf. thse twenty-three fo;cé levels are presented in
TABLE 4.3 with associated force level numbers. At any level,

.

‘the contribution to the measured force by the muscles of the

- i .
upper arm is simply the total force measured plus W. Force .
level #11,-for which the net force is -W, is the 'resting -

position. When the net force is 0.0 Kg., the weight of the

forearm is supported by the flexors. Coe

At o
Ly

For very high force levels, 2.0 Kg. increments in

ek
e

at &
F’:,ww

: \
'force were used between .levels; while 1.0 Kg. increments were

-

e
Jy 3
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FORCE LEVEL NUMBER

~
’

0 N N N B Wl
'4

w

10
11

. 12

13

14

. 15
16

17,

18

19

20
21

22 .

.

23 -

FORCE (Kg.)-

S (7+¥)
-(6+¥)
- S+W)
S (4+W)
- (3+¥)

1 - (2.5+W)
-(2.0+W)
-(1.5+W)
-(1.0+W) "
-(0.5+W)
-W

wn wn

00N AN N O O
n

(=)

* W represents the weight of the resting forearm as measured

at .the wrist

-

-

Table 4.3

Force Levels

A
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émployed at moderate force- levels and 0.5 Kg..§ncrements at

low force levels. These increments were chosen since fine

»

control of force in absolute units is possible only at lower

2

forces where many distinct regions can be defined. Larger
increments are necessaxry at higher force levels bgcause,
although the percentage~controllability remains roughly con-
stant, the abswmlute controllability of force by the subject

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

>

trol is desirable since prolonged effort at high forces may

cause fatigue, and EMG properties have been observed to alter

in the fatigued muscle (19).

4.1.4 ' Sampling and Storing of Signals :

«
e .
i

The overall scheme of signal acquisition is shown
in Fig. 4.3, The two EMG signals and thé signals from the

force transducer are applied to an eight channel 12-bit A/D

~
" .

unit- of the NOVA 830 minicomputer. This unit has a dynamic
range of #5,0 volts. A flow diagram illustreting the soft-

ware. used in data acquisition and analysis-is presented in

3

ig. .3(b).
Fig. 4.3(b) “ '
- Program DATAKE is an ihteractive'program which com- -

~

municates wit®k the user via the teletype (TTY), CRT (Tektronics
- ) (¥ . R .. .
4010 terminal), and D/A units. It accepts program countrol.

-

commands from the User over the teletype. With DATAKE, it is

possible to aéquire; store ana examine (utilizing the 4-channel

.

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

on three A/D channels. All data collected during é’ten‘_ ST

’
v
.

A38

caniare e

Y
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A/D CONVERTER
ELZCTRODES TO F———  INSTRUIENTATION ‘
BICEPS MUSCLE f—  AMPLIFTER CHANNEL @
ELECTRMDES TO F———  INSTRUMZNTATION -
TRICEPS MUSCLE ———  AMPLIFTER ANNEL 1
GROUND ELECTRODE {.@ GROUND
FORCE § ’

(a)

y 7w/
PROGRAM DATAKE

DISK — d
- , CRT and
D/A

PROGRAMS DISTILL, TELETYPE 7
DISTL2 and/or DISTLS ‘
- " v

(o T

PROGRAM STATSMAN

CRT

(o T

PROGRAM AUTOPUFF M TELETYPE ;

(b

‘Figure L.

|

3 Data acquisition, storage, analysis and displaiy system.
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.«

secphd interval is stored in core buffers and may be trans-?
ferred to disk files for permanent storage.

From the previéusly nentioned measurements of the
EMG's p.s.d., it is clear that the maximum frequency of s
interest is 250 Hz. In the present measurement system, even ‘Eﬁ

though noise frequencies .extended beyond 250 Hz., the R.I.S.

noise was so small compared with the EMG signals of interest#

that aliasing of this noise with the signal was not important.
@
For this reason a 500 Hz sampling rate was considered, suf-

ficient.

In a preliminary study it was observed that,
although a smali change occurred in the magnitude of values
‘as sampling rate decreased from 1000 to 500 Hz For the biceps
EifG, no appreciable deterioration in the SNR or in the
sensitivity of the processed values.to the force level,
occurred. Rather than restructure the programs utilized
in this early study, a sampling rate ®f 1000 Hz was retained
for the flexor\sighal while one of 500 Mz was used for the
ex;énsors. ‘

From Neilsog's measurements [6], it is clear that .
a sampling rate of 20 Hz is sufficient for monitd¢ring the ‘ .
force signal in this situation where central nervous system
voluntary control is used. It may also be true that some of
the‘reflex ﬁeural network is used in maintaining the desired
constant force over ; ten second sampling window. Measure-
ments concerning such reflex systems [22] have been performed

and it is observed that frequencies in excess of-10 Hz are
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present. During-éxﬁefimentaﬁion,-i; was possible to obtain
an estimate of .the frequencfés involved in force control by

abserving the time cdutse of force fluctuations using a storage

éécilloscope. ‘“From this, it was observed that all frequencies in

excés? of .4Hz have amplitudes of less than *10 mg. This is insig-

-~ -

nificant when compared to the forces of interest.

A typicaf’experimént consisted of twenty-three differ-

!
~

- J

~ent force leQefs as described in Section 4.1.3."The number of ten

<

second data sampling sequences, or records, which were taken per
experiment was’determined by the disk space évailable. Each
record requi%ed,60 disk blocks for storage (one b}ock is 256
words). A 1.25 mega-word capacity, disk pack was utilized, The
present-eXPeriments involved 48 records; two being taken at each
of the twenty-three force levels and an ad@ibional two taken'witﬁ
the muscle as inactive as possible. Inactivity was achieved by
allowing the arm to hang loosely from the shouldgr in a rélaxéd
fashion (23). The two records of the inactive muscle were used

‘%\ »

to estimate the measurement ‘noise.

4.2 Computer Realization of the Varjous Signal Processors
. e :

The data stored on disk is analyzed by the various sig-
nal processing methods using data.- windows cof  filterx time Epn-

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

of the following programs: DISTILL, DISTLZ and DISTLS. TABLE 3.1
indicates the.slgnal proceséing techniques employed by each of

these programs. The data acquisition system's gain is taken
\ - » . Y

into account so.that all EMG data 1is scale@ in millivolts

3

referred to the electrode. S . ,

-

S wares

2
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_These programs are interactive. It is necessary .
to input..the numbér of records ;o be analyzed (typically 48)
and the desired force at~each record. To reproduce the
actual net forée, the deéired force is added fo the devia-
tions fron the'desired force which were sampled and stored. N

From these values, the mean and the standard devia-

.tion of the force are found and tabulated by DISTILL and
DISTIL2. . v

The noise thresholds (F ) for use with the peak

NOISE"

detector are calculated from one of the noise records of the

EMG from each muscle. FNOISE is

evaluated as that voltage
which is two standard deviations in excess of the mean P-P

amplitude. These programs utilize either the calculated

F entered by the user. In this way,

NOISE NOISE i

values averaged over many experiments for FNOISE can be

or values of F

entered.
As depictéd in Fig. 4.3, the results of these ana-
lyses are stored in disk files. This processed data is re-

ferred to as DISTILLED data.

4.3 Evaluation 6f Statistical dentities

The many bivariate statistical quantities used to
descr'ibe the DISTILLED data as discussed in Chapters 2 and
3 are evaluated by program STATSMAN for each of the processing ’

methods. STATSMAN is highly interactive. It may be used to .

o T

plot ellipses.for the various force levels enlarged by a

o~
’

factor P

ypp® to plot DISTILLED data separately or superimposed {)
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over the plotted ellipses, to determine the pUFF factor
necessary for .any pair of ellipses to first touch (where

0.2 ¢ < 3.2) and to calculate the percentage of DISTILLED

PUFF

data poihts lying within the enlarged éllipse associated with
the same force‘level as well as the average and minimum of
these percentagés over several.levels. The output format of
the statistical results can also be chosen.

If desiggh, the DISTILLED data and/or the evaluated
statistical parametexrs can be restored on disk files, each
capable of accumulatiﬁg_data for up to eleven similar experi-
ments. STATSMAN utilizes this accumulated data to produce
the overall statistical parameters. When the total data of
eleyén experiments 1is analyzed ;s a unit, results for pach
force level are based 'on 220 seconds of data sampling.

’ It is possible that the average force over some
‘windows will differ greatly from the mean force over the
entire level. Therefore it was decided to discard all data
for windows having an average which was not within *5% of
the mean for the particular level. 1In the case'where data
from many experiments is combined for analysis, the mean fortéA
for allevel is evaluatedlovqr all of the records corrESponQing
to the pafticu}ar force level under ;tudy. No data is rejected
for the foréghlevel in which the”arm is resting or in which
thé weight of the arm is supported by thé flexors since, in
ihese.gase;, no feedback oflthe(net forée to the subject is

used. As will soon be discussgd, this rejection of certain

data is performed throughout all aspects of programs STATSMAN

¢
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and AUTOPUFF.

* If STATSMAN has difficulty in determining the ellipse

of minimum area as outlined in Section 3.2, this indicates
that poor conbergence has occurred and the percentage change
.in area between the last successive iterations_is presented.
If this percentage is less than 0.5%, it is considered that
the convergence is adequate. o

Under certain circumsténce;, phe round-off error
in calculations will render them inaccurate’. By utilizing
double precision, approximatély sixteen significant decimal
‘digits are carried. If the standard deviations differ by more
thﬁn six orders of magﬁitude, STATSMAN will print a warning
mes;§ e indicating poor accuracy-could océuf. 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 levels is presented 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 scaling of the BICEPS and TRICEPS axes in the plot
are not equal, the ellipses are somewhatriistorted. The
axes ahd axes graduations were drawn by a graphics package
but all titles were dubbed.

As discussed earlier,. both 0.5 and 1.0.s§cond data
windows are considered. 'The 1;0 second data window§ are

produced by combining the DISTILLED data for twa consecutive

0.5 second windows and averaging. These 1.0 second windows

2
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slide by 0.5 seconds so that consecutive windows oveflap and
nineteen windows per record are possible. One shortcoming

of STATSMAN and AUTOPUFF is that averaging to obtfain values

for a 1.0 sccond window is applied, regafdless of method.

When considering methods which evaluate a running sum, it is
more consistent to simply add the data for two ﬁindows with- -
out averaging. It was decided to average ‘even for these
methods since tﬂe results for 1.0 second afhd 0.5 second w{nﬂows

are of similar valuc after averaging and may be numerically
. Y

compared or plotted together for quick visual comparison.’

4.4 Determination of the Set of Ellipses to be Retained

and the Percentage of Data Points within an Ellipse

As can ‘be seen from Fig. 4.3, Program AUTOPUFF reacds
the values of the statistical parameters, defining the set of

ellipses under study, from the disk files in which they.mer%

v

stored bZNSTATSIIAN. From these values, it determines the

L4

< 3.2) at which

enlargement p where 0.2 < P

UFE’ = "UFF

one or more ellipse palirs overlap. After this calculation

L d . »

is c&mplete, each of the unique product terms (Equation 3.4.4)

is constructed for the 1gwest P factor at which the ellipses

UFF

overlap and the set of mijnimum elements to be discarded is

found. There may bec ma such sets. The set of minimum \
elements which is chosen is the first which occurs in the
product table. This is a weakness in the analysis procedure

since another set may provide larger values of % AVG. The

next pair of ellipscs to touch, either at the same or next
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.o T . . e
highest vakue of P .., are then included in thd product and
e i T ! .
a new solutrien is- calculated. For identical p{oducts, all

L4
but one are discarded and analysis proceéds’to;the subse-

quent pair of ellipses. This process continues, considering
ypp» until all pairs

which overlapped for P, < 3.2 have been included. At this

T )
the ecllipses at even higher values of P
9N ve A

UFF

point., for each P factor at which ellipses overlapped, a

UFF

- . - -

table has been constructed showing the set of levels to dis-
card in order teo retain as many as possible and still have

no overlapping.

AUTOPUFF then commences wi;h the:  lowest i}lue of

pUFF and calculates the minimum percentage (% MIN) and average

percentage (%AVG) of valid DISTILLED data points which 1lie
within the appropriate ellipses for all non-overlapping

ellipses. This process is repeated for 5gccessfvely higher

4

PUFF factors until all have been .considerecd. For higher pUFF

factors, the number of discérded‘levels is greater due to
increasecd overlup’and therefore the number of distinct el-
lipses remaining (#LFT) diminishes. The percentages calcu-
lated should gradually, but not necessarily monotonically,
,inérease. .

f; prevenF excessive program expcution %ime and because
of computer core limitations, certain restrictions were
placed\on AUTOPUFF's capabili?ies. If, at some value of PUF%’
the number of discarded cllipses exceeds fifteen, rqsﬁlts to
that point will be printed out and no higher values of PUFF

will be considered. If the number of overlappihg pairs of

PP
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’

ellipses exceeds seventy for the range of 0.2 z 2 3.2,

PUFF

<
then analysis will continue with the reduced range of 0.2 =

PUFF S 2.6.. Both of.these restrictions will make it difficult

~

to obtain\complete results for signal. processors for which a
large number of overlapping ecllipse pairs exist. This is not
considered a serious limitation since it is still possible to

determine that a particular method is of such low comparative

performance as to be of little use.

-

. v



CHAPTER &

RESULTS AND DISCUSSIONS

>

Due to time limitations, the maln phrusp,of ghié
project was to develop a method of analysis and to demon-
strate its usc, rather than‘compile extensive data. VOnly
a few cxperiments, of an exemplary nature, were performed

upon one individual. The anatomical data for this person

is given in TABLE 5.3. !

5.1 The Effect of Electrode Position on the Performance

of, .and the Relative Performance of, Signal Processors
Lo

*

5.1.1 Results:

A single experiment was performed at each o'f the
e

four electrode positions Pg, P, Pz,‘aﬁd ng Tables 5.1
and 5.2 prescnt the number of force levels which may be
defined (with the restrictions that these levels be non-
overlapping and that %AVG z 95%) ;s a function of the elec;
trode position and of the signal processing.method chosen.
Data windows of 0.5 scconds were used. for results éregqﬁted

in TABLE 5.1 while results for 1.0 second data windows arxre

presented in TABLE 5.2.

In certain instances, specifically for the FP and

-
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TABLE 5.1

(0.5 second windows)

Number of Levels 'as a Function of Electrode
Position for Various Signal Processors

-

* Only processing methods for which complete data exists are considered

- Not analyzed

SIGNAL PROCESSING METHOD (see TABLE 3.1) AVERAGE
Electrode and number of levels achieved NUMBER
Position OF |
SUM RAVG FP SP HP QP SUM PCC SMSP SM1P5S SMHP LEVELS*
Less
PO 11 11 Poor, 10 10 11 11 than 11 10 10 10.63
B 8
Pl 14 10 Poor 11 - 10 1S 11 12 13 13 12.25
X i . .
Less
P2 13 13 Poot 11 - 11 13 than 12 13 13 12.34
9 ' -
’ : ) . Less
P3 14 12 Poor 1{ 11 12 14 than 11 13 13 12.50
10
AVERAGE ~
OVER ALL 13 11.5 -+ 10.75010.50 11113.25¢( ~ 11.5 12.25 12,25
POSITIONS :
RANK ] .
OF . 2 4 8 6 7 5 1 8 4 3 3
METHOD L .

S9



(A TABLE 5.2 Nuﬁ?§r of Levels-as a Function of Electrode
o~ Position for Various Signal Processors oo
’ ¢ (1 '0 second ‘windows) , | o
e A ’ SIGNAL PROCESSING METHOD (see TABLE:3. 1) : AVERAGE
" " {Electrode —_— _and number of levels achieved - e NUMBER .
. Position [~ - : : ) . OF )
ot | sum | rRave | FP | sp|-HP| qp | SUM | PCC | SWSP | SWMips | Swmp | [EVELS «
el 16 14 Poor | 13} - 13 | 16 12 . 14 15 - 16 .§ 14.3
i . ) b-— - “ N . ) / ' \“ b~ )
P2 .16 ¢ 14 Poor [ 12| - | 12 | 14 11 13 15 . .16 3.7-
\ e e . ‘ ‘ \ . }
o " T : s - Less <
U A X I O C I R & Poor | 14 {71&| 14 | 16 than 15 15 - 16 14.88
S 11
@ s N
. JAVERAGE ' . R ]
- |OVER ALL 16 13.7 {Poor { 13 | 13} 13 |15.3 - 14 | 15 16
. PDSITIONS : . ' ~
RANK R . e o
" OF ‘1 5 8 1 6|6 {6 2 8 4 3 S A
METHOD ; S
- LN

* Only processing methods for which compléte data exists are considered
. - » . kd

‘, . - Not .analyged ¢
. Yo
e

s - N -

. * <
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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 line which tonnects electrode po%itions

o

P, and PE):_ 0.30'm

Length of the forearm (measured from tip of elbow to wrist):
') - -
0.27 m Co '

®

Length of uppgr arm (measured  .from acromion to tip of elbow):

0.36. m

3

Distance from tip of elbow to crest of biceps: 0.18 m

TABLE 5.3 Anatomical Data of Subject

P

=

: D i‘i Maslre it oM dnts 24
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N

PCC signal processing methods, results are .so inferior.that
one or more of'the analysis limitations (outlined in the
latter half of Section 4.4) are exceeded and quantitative
results are nop_obtéined. For this reason, some:entries

are marked '"poorxr". Similarly a full assessment for some.
other cases is not feasible but it is possible to determine

that the'numﬁer of achiévable levels is less than a certain
value. For the mqthéd HP, asséssment was hot perforﬁed for
thé P1 and P, electrode positions siﬁge these were the first
positions studied and, at that time, this method was not yet
part of the repertoire of methods. |

A further entry in Tébles 5.1 aﬁd~5.é is the average
of the nﬁmbér of achievable levels over ali electrode positions
considered. This information is' used as a figure ‘'of merit to

assess or rank the relative performance of each of the signal

processing methods.

When determining the‘nuﬁber of achievable levels

N

.the values of %AVG are rounded to the nearest percent. By

= 3

. . T s o s
considering the average number of force levels it is seen

that for the 0.5 second windowsjlmethod SUM is superior with

A

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

N |}

methods based on P-P amplitude.are supefior-to the power law
tedhqiques. Of the powerilaw techniques, RAVG 1is soﬁewﬁat
superior to'QP. For higher perrs, the perforﬁaﬁce getér—
iorates. PCC .proves to be a poor'metﬁod of.analysis:

Method SUM is considéred'as thé §uper£9r method
for another reason. It Rrovidés,thé largest number.of e g

. .

o
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distinct levels with a total of 15 levels at Pl. Pl was

chosen as the superior electrode site since it provided

absolutely the largest nﬁmber of levels..

"5.1.2 Discussion:

As noted, there is no marked difference inh the
performances.of SUM and SUM. The fact that signal inversion
causes no appreciable change is of particular interést in
regard to those methods measuring P-P amplitude. If an AP

" is detected atf fhe surface having the waveform as shown in
Fig. 2.1(a) (where the inf%ial peak is positive), the peak
detector used in this analysis (Section 3.4) will measure
the P-P amplitude of the action potential correctly. If the
wave form is inverted, the peak detector will measure not
the AP's P-P amplitude but the P-P amplitude between two
successive Ab's. Thus, if all AP's are nép inverted it is

- to be expected that SﬁM should be sﬁperior to SUM. ‘Howgvef?
since’ both methods produce equivaleng resultsg, it. is possible

that the'number of action potentials detected with a measured

.
" ¥

initial positive peak is equal to the number detected with a -
measured initial negative peak.- More compléx variations in.
the wave form could also occur. The use -ofs,a more sophis-
R ticated peak detector, which measureg both pogitive_and nega-
tive going peaks which are distinct, may improve\feSults.
Such a peak detectér would reliably- measure ?-P amplitudes
fo; inverted and non-invertéd AP's. |
is

The observation, that electrode po¥itioh Po

’
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inferior, 1s of interest, siﬁce it 1is iocated at the crest
of the bicep§ muscle and‘it is the position most commonly
.used by researchers. This point merits furtheé invegtiga-
tion with a more complete set of experiments.

Comparison of Tables 5.1 and 5.2 indicates that
more force levels are definable using 1.0 second windqws thén
with 0.S5.second windows. The higher SNR's of the processed
EMG attained by using increased smoothing windows are res-
ponsible for this increase in the number of force levels.
Results for the 1.0 second windows also show tha£ the pethods'
based on P-P amplitude are still superior to the power law
methods although rank;ng is somewhat changeé.

Of all the P-P methods, SUM or SUM provide not
only the best results but are easiest to implement in ;oft-
ware since it is not 'necessary to calculate a power of the
P-P amplitude. Likewise, RAVG gives the best performance

of all the powér law Rrocéssoré and ‘is easily implemented.

¥ - )

5.1.3 Qualitative Observations -on the Variation of the EMG

with Wrist Pronation and Electrode Position:

A qualitative, preliminar}.investigﬁfidn of the
effect of wrist- pronation or sgpiﬂation‘bﬁ the EMG shbwed it
. . “
to be a strong function of electrode position. Utiliziﬁg a
storaée oscilloscope, visual esti%apes of the EMG were. made
while the subject supported a 2.4'Kg., hand-held weight by
0

showed the greﬁtest variation between signals taken with the

isometric contraction of the upper arm muscles. Position P
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wrist pronate ox supinel At electrode position PZ, a signal
was obtained whi;h appeared to be relatively invar}ant wité
wrist pronation: As the elecérodé position adv;nced from
PO to PSJ an increase in the EMG was observed when the ex-l
tensors were active. This could be due fo increased cross-
talk as‘the flexor electrode moves ever more proximal to tﬁe
extensors. This hypothe§is was supported by the obser;ation
of an increased antagonisi activity for a given force level
as the flexorx glectrode advanced from P0 to P3 in ‘the ex-
periments described in Ségtion 5.1.1.

The Smaller Variatibn ob;erved in EMG at position .
P2 is not so surprising whep the physiology and anétomy ofﬂ
the musculature is examined. Basméjian [13] found that during
flexion the BR was primarily a;tive with the wrist pronate

while both.-BB and BR were active with-the wrist supine. The

degree of activity- of each muscle showed variation among

'individuays. Fig. 2.2 illustrates that the BR is located

beneath the BB aﬁd on the lateral aspect of the upper arm.
Electrode position Py should permit moni;oring ?f the EMG
mainly due to the BB but some feed tﬁrough from the BR is
expected, This feed fhrough should be inéreased at position
Pl. At position_IP-‘2 where the electrodéé_arq proximal to
both muscles, the observeé EMG is expected to consist of a
more evenly ;eighted summation of éhe,BB an% BR EMG';.;

4

This preliminaiy\s;udy suggests that one of the

relectrode positions (P2) provides more information concerning

the neét activity of the two flexors than any of the others.
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TABLE 5.4 Ranking of processors using SNR's




SNR

" SNR

Method Number

.

(a) Net force: -7.6 Kg.

60 -p
: o
-40_'
. ]
20 - l?
I T
Ted | ] ]2}
7 ¥ L 4 L L L '
. 1 .2 3 4 6 7 8 9 10 11

-

60 -4
'40 - . ?
Q
20 - o o
| Lo
| 8 TEL
0 Rl H=eF-T-Ye

4 6 7-
Method Number

" (c¢) 'Net "force: +l.0 Kg.

Fig;.S.Z

60 T ~
) 0
40 -
= 4 o
w
20 4 o F
a, . |
0 | '
[ |ae | 1127
0 q] Q. 0 0 o
1] & ¥ T T T v
1 2 3 4 6 7 8 9 10 11
o

Method‘Number
(b) Net force: -1.6 Kg.

Q

.

O Flexor

D Extensor

7
40 ;
R
mz-o- ' o -
IR
189 o Q&
T1es 1193
4 7 9

-
o
ol
p—

Method Number

(d) Net force: +6.0 Kg.

. g L
SNRs at Various Fprce LebVels’

felectrode position P1) !



This explains why a variation in'Ehe~quality of the results
as a function of electrode position can be expee;ed(even

when the wrist is maintained supine at all times.
© j . .

5.2. The Use of SNR's to Rank the Performance of Signal

Processing Méthods

The éNR‘s, for bﬁtﬂ the flexor and-extensor EMG's
of each of ten signal processore was evaihaeed for nine
different force.levels. The force level numbers.of.these
force levels considered are 1, 4, 7, 9, 11, i4, 18, 21, and
‘ZS.ETABLE 4.3). The‘average SNR over 2all1l nine force levels
was calculated. for each agonlst for each of the processors
fFlg. 5.1). The SNR's of each of the processors for four
differept force‘levels is presented in Fig. 5.2. To rank
the relative performance of Fhebsignal prpeeSSors, the mean,
of the average:§Nﬁ*%\for\each agehistf was used (TABLE 5. 4)
Considefable disegreemeﬁt is dlscovered between

-

the ranking of processors on the easis of SNR's as compared
to the ranking oﬁ‘tﬂe basis of definable force levels‘(IABLE'
5.1). The SNR method is poor since the sensitivity of thef
pfocessed signals to changes in the EMG.is not coneidered.
The mumber. of definable force levels is a more useful pdra-
meter since it is inﬁerent}y,dependent on both S&R's and on -
the sensitivity. deBruin ([4] private commpnicatioe) has
sugéeeted a proﬁising‘technique for ranking of ﬁroeesso;s. .

He defines a "Figure’ of Merlt” thCh is dependent upon both

the SNR and the slope of the processed output .versus the net
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force exerted.

AN

5.3 =Sensit1vi§x of Parameters to Electrode Placement

\
LY

Although it may be possible to define roughlf the
“same number of levels atlvarious electrode positions, these
levels may be entirely different. To determine how accur- -
ately electfodes'must be.')positioned in order to achieve re-
producible résults, the sensitivity“of the processed EMG to
electfode positioﬁ must be detefmined. ,

To investigate this, the processed data for elec-
trode pésitions PO’ Pl and P,

statistical parameters representing th¥s aggregate were cal-

were considered together. The

culated. and ghe number of levels was. evaluated us?ng'O.S
second windéws: Only method SUM and RAVG were considered
since they are of special interest as préviously discussed. ’
7 ‘It was found that a total‘of ten levels were -
definable for method SUM while RAVG permitted the definition
of eight leveis.(Fig. 5.3). The number of levels definable

0,

with the restfiction that %AVG iﬂgo%, was 11 levels for SUM
and 10 levels for RAVG.

These results are compared with those obtained:
when the data.fbr many experiments performed at one location
are combined. (Section 5.4, TABLE §.7). It is seen that the
decrease in the number of definable levels is similar in both
cases. As data from oniy one experimenf per electrodé.site
is combiged_the results can onl}-ﬂe considered preliminary,

but it i's indicated that these signal processing.methods are:

.
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relatively insensitive- to elect£ode placement.

The obscrvations that electrodec position PO 1s
inferior and that the rcsults are not highly sensitive to
electrode po§ition imply that although the SNR's for various
force levels may vary with electrode placement, the means

do not.,

5.4 Combined Data of Several Experiments

5.4.1 Results:

A total of six sim}lar experiments were performed..
These were conducted at the best electrode position (él)
using methods SUM and RAVG with both 0.5 and 1.0 second
windows. The DISTILLED data for all experiments was combined
in one overall analysis.

A full computer printout*qé\the statistical para-
mcters for this analysis 1s prosénted in TABLE 5.5 using
method SUM with a 0.5 second window. The values associated

~

with ecach of tﬁe 23 fogce levels of level number I are also
indicat?df Most ‘of the FORTRAN symbols used in the headings
are similar to the mathematical symbols used in this thesis
with the constraint that no subscripts and only capital. letters

are allowed. Thus the FORTRAN symbol for A is ALPH3TN,

LPH3TN

S is represented by SLOPE, N by INTERCEPT, r by R and

LOP TCPT
so forth. AMNAFF is the mcan measured force in kilograms

z

for the force level over.all experiments. ILCNT is used

merely for Bookkeeping . The number of data windows analyzed

. »
per force level is N. 1In some cases, the data fox a force

v
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P4

N .Y, g,
o P P

a g

ILCNT N 1 R . ANGL 1 SLOPE INTERC EPT
MEAN B SDVB SDVEN ALPH3B ALPH4B
MEANT SDVUT SDVTN ALPH3T ALPHA4T
ALPH3BN , ALPHABN AMNAFF ALPH3TN ALPHATN
1 240 1 B. 2082E -1 ~Q. TA69E ~2 @. 7TT20E -1 0. 1857E 2
@. 2149E 1 B. 4469E O "@s 4468E- @ B.8685E @  @.2868E |
@< 1873E 2 @< 1657E | @. 1657E 1 @. 4S90E @ 0. 2838E |
0. 8916E 0 @.2988E | ~3.7559E 1 "Q.4590E @ B. 28639E |
3 248 2 -P.1965E @ Q. 78 S4E ~P.4791E @ 3. 9185E 1
g. 1758E 1 @« 3594E @ G.3513E g.8987E @ g. 3358E |
@e 8263E 1 BSBT64E . 0 2.8796E B 2961E -1 B. 3164E |
0. 9996E & @.3556E 1 ~B. 6585E B 3098E <1 g, 3129E |
5 249 3 -0.3756E @ @. 1186E ~0.1267E 1 B. 848SE 1
@e 1426E 1 ‘Ge 2226E @ Q. 2B49E ‘@< 5914E ' @ @s 3699E 1
g. 6678E 1 @ 7518E © B« 7560E 8. 3046E @ @s 2833E |
0<3414E & @-3159E 1 ~@. 5591E @.28B99E @ P.2881E 1
7 248 4 G.8427E -1 ~@. 6283E -1 B.2526E @ - @. 5248E |
0-10646E 1  B.179SE 0 @< 1705E 0 @.7116E @ 0. 2879E |
@+ S513E 1 g.S112E @ g« SI12E ©§  ~Q. 7182E -1 @. 2654E |
g. 7787E ' @ 9. 3855E 1 -0. 4593E | <@<7213E -1 @.2680E |
9 240 5 @.233SE ~1 ~@. 7069E B+ 9995SE -1 Q. 3628E .1
0. 6565E @  B.1143E '@ g. 1143E - Be 1552E - 1 g. 6379E 1
B. 3694E 1 . A892E 9 @s 4892E @. 1337E © B.2573E |
g. 1585E 1 g. 6587E 1 - 0. 3682E @.1331E @ G.2576E 1|
11 2408 6 e 1 T26E . . =@« 3063E 0. 1826E 1. B.2278E |
@. 48T6E. . B.. 0.T082E “Po 6973E 0.8073E 'O g. S447TE |
g. 2770E 1 0. 4208E @. 4209E @. 7312E 0 g. 36@8E 1
9-8538E O 8. S466E “@. 31Q2E @. 7T264E B B 36@SE 1
13 248 7 @s S652E -@e 1335E @.3084E B 0. 2041E 1
0. 3509E @ d. 552 6E @ 5517E B« 6098E @ @.3776E 1
g. 2150E 1} Q. 3015E g. 3815E -@.1333E © Qe 27T44E | |
@. 7T069E © B 4116E 1 -8. 2681E 1 -0.1316E B @.2742E |
1S 2490 8 @.1779E B ~-P. 1257E ~1 3.2528E 1 Q. TA66E " @
0. 1845E @ @c3B4H4E ~1 ‘B. 299 5E =1 -0s9562E ~1 0. 2645E 1
g.1212E 1 8 4311E @ gs 4311E @ ‘@s3902E B §.2310E -1
-3, 1248E O 0.2695E | 0. 396QE. @ 8. 2310E )

-8, 2103E 1

TABLE 5.5 Statisticdl'values for combined data for six experiments -
’ (computer print-out) :
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ILCNT N I R ’ ANGL1  _._. SLOPE INTERCEPT

MEANB SDVB SDVEN \ ALPH3B ALPH4B
MEANT SDVT SDVTN . TMALPH3T ALPH4T
ALPH3EN ALPH4BN AMNAFF Aﬁ?narn ALPH4TN
17 246 9 =@ 5798E -1 ' ~0.3725E -7 -8.30659E @ g. 3842E
g+ 5738E -1 ‘0. 2880E -1 ‘8. 2BBBE -~ '@ 4822E & 2. 2889E
B.3667E 0O 8. 1377E @ B. 1477E. -0 8. 1801E 1. @.3917E
@. 4822E 0 @.2889E 1 -@.1681E 1 g. 1601E 1 2.3917E
19 248 18 -0. 6942E -1 B- S498E -2  -@B.8194E @ 8. 3882E
8. 2789E -2  ° @.5488E -2 8. S47SE ~2 © @.2178E 1 0. 8209E
g+ 3580E -1 G. 6477E -1 8e 6478E -1 @.2323E 1 8. 788 TE
@.2163E 1 @<8235E 1 =8.1106E 'l @.2323E 1 @. 7888E
21 248 11 . -@.1728E @ > -8.3691E -1 -2+ 3313E -1 G. 4805E
@.4315E @  B.3170E 0 ‘8 3172E @ 0+-4824E° © 9. 1853E
Be 3376E ;1 B. 6B8BE -1 @s 598SE -1 @.2128E | 0x&Q03E
@< 4839E 0 @- 1853E 't  -B.7888E 8.1957E , 1 B. 641OE
23 248 12 ~0.3618E -1 ~2.2278E -1 ~2+.1713E -1 8. 6327E
. B« L118E 1 G- 1574E @ B. 1575E 0 8.2327E 0 @.2383E
G- 4411E -1 @. 747BE -1 B. T464E -1 @. 2051E 1 G« 65S3E
P.2349E @  B.2396E 1 @. 9846E -2 P.2042E 1 @+ 65T2E
1 ., ' :
LNBC i, 13)=. 25 IRJECT= 15 . :
25 225 13 ' -@.27@3E -1  =@.2356E -1 -8+ 10S3E -1 2.9 1089E
G- 1933E | ' @< 203BE O ‘0. 20306E 0 ‘B-9S514E @ @.4B35E
@ TOT4E -1 @< 798SE -1 G- 7984E -1 G- 1S19E L B,AJ4SBE
9 9S544E O B. 4847TE 1 G- 4B4BE O g. 1481E 1 0. 4289E
27 248 - 14 0. 1735E © @e 4712E -1 g+ 4123E -1 @. 3144E
B.2593E I 8. 3266E ¥ @- 3269E 0 @.8139E 0 0. 3498E
. 1181E @ @. T7T64E -1 G- 7640E -1 @.1527E | B. 4773E
0. 8982E B @+ 3895E 1 @.9881E @ . 1559 1 B 4991E
ILNBC1, < 15)= 29 IRJECT= : 1 N :
29 239 1S P. 4409E O 0. T8 S4E -1 @-8133E =1  -8.8994E
Q. 32608E 1 G- 4218E © . @-4233E 0 Q. 1073E/~1 0. 2773E
0. 1752E . @ 8- 7781E -1 . 0+ 6964E -1 0;127BEL/L\ B. 5117E
@.-2767E -1 . B8.27T4E | G- 1484E 1 8+ 1207E | 8. 489 6E
31 249 16 0. 1939E @ @- 4791E -1 @+ 4638BE -l @.87SSE
@. 3751E 1 Ge IBL4BE O P- 3844E B  -@.1282E -1 P. 2367E
B 2634E O @. 9286E -1 B: 9B99E -1 @.9S41E © @ 3516E

~@.7122E -2 6.:23711’5 1 G- 1985E I = B.1Q16E | B.3713E

TABLE 5.5 Cont'd
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ILONTN I R ANGL1 SLOPE INTERGEPT
MEANB. SDVB SDVEN ~ ALPH3B \ALPH 4B
MEANT SpVT SDVTN ¢ " ALPH3T "ALPHAT
ALPH3BN ALPH4BEN AMN AFF ALPH3TN ALPHATN
33 248 17 @.2733E -1 G- 1863E -8 . -@.3249E -2 g. 3222E
@e 443SE | @. 6693E - @ @. 6698E 0@ 8. 3373E. 8  B.297IE
@. 3366E © @+ 7965E -1 Be 7965E =1 P. 1192E. 8 °  B.2577E
@.3372E © 8.2972E 1 B--2484E 1 0. 1194E O . B.2577E
35 240 18 -2.1756E @ -8.2325E -1 -8.2291E -1 G. 5228E
Ge 4941E | 8. T241E @ ‘Ge 7T243E @ @. 7522E '@ 2. 3266E
0. 4B96E @ @< 9477E -1 ‘g. 9328E -1 8.8193E © 2. 3682E
@< 751SE O @< 3266E - 1 @. 2985E 1 B.8B42E 8 8. 3767E
37 248 19 -8.1833E @ ~P.1178E =1  =-@.1B74E -1 . B.6609E
8. 6282E 1 ‘De9665E @ ‘@.9665E O ‘8S1842E 1 B+ 3892E
@.5935E B B<1084E O @. 998 7E -1 8.3791E @ g.29087E
\B. 1042E | @+ 3892E 1 @. 3982E 1 8.31306E & B. 2984E
'39 2460 28  -.1735E © =8« 1257E -1  -0.1236E -1 3.8 744E
g. 7853E 1 ‘G- 1S88E 1 @. 1588E 1 8. 6910E 8 8. 2687E
@.7773E @ @. 1132E @ G« 1115E @ -6 1393E & Pe 2665E
@ 6965E O B.2685E 1 Bs4974E 1 - -B.1976E @ 8.2796E
a1 248 21 8. 2249E -1 @. 1863E -8 @. 1274E -2 @.9629E
g. 1018E 2 G- 2513E 1 B.2S13E + \. B S5761E. O B+ 2B4TE
@ 9759E @ @< 1423E @ @e 1423E § g -8.5926E -1 B.2733E
@ 5761E @ 8s2047E 1 @< S972E 1| <BJ5928E -1 @-2731E
43 248 22 8. 17SSE 8  @. 7854E -2 g. 7966E -2 8. 121BE
@. 1331E 2 - 3869E I' B 3869E I @.1205E 1 . B.39086E
8- 1316E 1 0. 17S7TE @ B 1729E @  -9.3277E B @.32089E
@< 1286E 1 6-39B7E 1,  @8-7970E | -@.3298E 8 Q. 3063E
45 248 23 @« 6767E -1 =@ 3725E -7 @. 3564E -2 @. 1812E
@. 1906E 2 0. 5T49E 1 ‘@. 5749E 1 8.1514E 1 g. 6878E
@. 1880E | 8. 3026E, 0 @. 3928E 0 @.3322E 0 B.2928E
@. 1S14E 1 0;6879EJ 1 8- 9951E 1 @.3324E 8 @e 2926E
TABLE 5.5  Cont'd
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level was rejected for reasons presented “in qution 4.3.

The number of rejecﬁedeindows (IRJECT) 1is iﬁdicated as
.well. ) \

(Prograh AUTO?UFﬁqwas used to determine the numbef
of definable levels. Aucompuxer brintout.ofﬁthe results 1is
preéented~in TAéLE 5.6 using method SUM with 0.5 second i
windows. %AVG and %HiN as a function of the number of de- é

finable levels are to be found in Fig. 5.4 and 5.5 using

methods RAYG and SUM for both 0.5 and 1.0 second windows, )

A plot of the solution set of ellipses for SUM (0.5 second

window) is given in Fig. 5.6.

A normalization technique was also considered.
1

Mpany fOT level #5 (-3.6 Kg.) and M for level #18

EANB

(+3.0 Kg.) for each experiment were used to normalize the
L *

~

TRICEPS and BICEPS data respectively. 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 SUM with .0.5 second windows (Fig. 5.7).

s
-

5.4.2 Discussion:

The values of ALPH3BN and ALPHSTN 1nd1ca§e a marked

skewedness in the dlSE?lbutlonS. Since ALPH4TN and ALPH4BN .

often differ appreciably from 3.0, some distributions. must
be significantly more or less peaked than a normal di{tri—
bution. Thus these distributions can not be described as
normal. This could indicate that insufficient data to

r

approach limiting values has been acquired. For this reason,

et
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22
22
29
29
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29
20
19
18
17
17
17
17

17

22
22
22
21
21
21
28
18
18
18
18
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23
23
22
21
20
19
19
19
19

23
21
21
21
21
21

23
22
22
22
22

PUFF 1IN ZAVG #LFT DI SCARDED LEVELS
6. 60 7. 5@ 15.19 23 ] N
Be75 15442 2399 22 17
@.95 27.08 37.41 21 15 17 -

1. 00 3l.25 4. g2 21 15 17
1. 15 81,25 58. 68 20 15 17 29
1< 39 53.75 59.95 18 "1 15 17 19 21
1. 35 56+ 25 61.84 17 2 13 15 17 208 22
le 2@ 584175 6414 15 2 6 19 14 16 -18 28 22
159 63+ 75 68.72 14 2° 6 18 13 15 16 18 28 22 .
1« 70 73,75 78. 14 13 2 3 6 10 13 15 16 18 28 22
1«75 74. 58 80.24 12 1 3 6 9 18 13 15 16 18 2p
1. 98 81.67 85.21 12 1 3 6 9 19 13 15 16 18 2p
1.95 . 8417 86.91 12 1 3 6 9 18 14.15 17 18 29
2,08 85.77 87.98 l2. 1 3 6 9 18 14 16 17_ 19 21
2.10 88. 080 99.85 11 1 3 6 9 12 la 15 17 18 19
2.15 ' 87.58 99- 42 1t 1 3 6 9 18 43 15 16 17 19
2. 20 88.33 9148 11} 1 3 6 9 18 13 15.16 17 19
2. 25 9@. 67 92.65 1@ 1 3 5 7 9 9 14 15 17 18
2. 30 91.11 93.28 1@ 1 3 S5 7 9 1 14 15 17 18
2. 35 88. 75 9§;ss 10 1 3.5 7-9 16 13 15 16 17
2,40 91<11 94. 38 9 1 3 5 7 °'9 18 12 14 15 17
2. 50 92444 95.085 8 {f 3 5 7 8 9 1@ 12 14 15
2.60 94.22  954.88 8 2 3 5 6 8 9 1g 12 14 1§
2.85 96.44 97.94 8 2 3 5 6 8 9 1@.12 14 15
2.90 96. 44 97.99 8 2 3 5 6 8 9 18 12 14 15
2.95 96.89 98+ 20 8 2 3 5 6 8 9 1@ 12 14 15

Method: SUM
Window: 0.5 sqﬁond

TABLE 5.% Percentages and levels for six experiments
(computer print-out)
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* J
N
., SIGNAY PROCESSING METHOD
. i e &
Window ) . , .
Duration %AVG SUM Norgallzed RAVG.
"+ (SECONDS) ‘ -
90 11 11 9
0.5
N 95 8 ‘10 8
90 11 ---- 10
1.0 7
95 10 S e .9

/

TABLE 5.7

Number of levels

for combined data of, six experiments
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.
the’ aggregate data for .six experiments can not be ‘considéred
final. )
When the data of a single e;peryment i§ examined,
fifteen levels can be def{ned whereas for six combined ex-
. F

periments, only eight levels are found. This large deter-

ioration indicates that the samples-for one experiment are
not, in ;eneral, representative of the overall population.
Furthermore, it was observed that within one experiment,
apprecimhle differences can exist between results for two
ten second sampling sequences. This variation indicates
that some other variable(s) exist which is not well controlléd.
As cans%e seen in Fig. 5.8, two ten second seqﬁﬁnces in one
experiment at a singlg force level can produce differént and
distinct data-clusters. Fig. S.Q'presents two ellipses
denotfng the data for two of the six experiments considered.
A mar#ed difference between the ellipses 1is seen.

s

We hypothesiie that the uncontrolled variable is Y

the level of activity of the antagonist. Since each,ten.
second iﬂterval usually shows a clear data cluster wigh no
marked linear trait, as indicated by regression coefficient,
it seems plausible that the agonist pair establishes and
maint;iné 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 random fluc-
tuations in the processor autputs caused gy the sﬁort filter

time constant. bifferent data clusters would be observed

for sampling sequences if a slightly different agonist
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equilibrium is established. 1In a fcw instances, two clusters
of data were recognizable for one sampling sequence, with a
small portion of the data scattered in the transition region

between the two clusters.

The severec dete;ioration of results when several
experiments are combined gkuld be due to.physiological or
emotional changes in the subject on a day to day basis.
Our subject complaiﬁed of tension during the period when
the six experiments were performed. Although(he complai;ed
of no muscular fatigue, he found a greater difficulty than
usual in mhinéaining a constant force. Periodiczlly; he
had some siight muscle twitching. i

These problems did not exist during an earlier set
of experiments with the same subject. In these early experi-
ments, analysis did not involve the use of the ekli}se of
minimum area. Rather, the ellipse chosen had its major axis
along the line of linecar regresgion to the data. This ellipse
is often significantly larger than the ellipse of minimum
area. Surprisingly despite ,the use of larger ellipses, it
was found that twelve levels with %AVG = 96.25% and %MIN =
92.1% could be defined. This is a considerable improvement
when compa;ed to the eight 1evels'déterminea for the set of
later exﬁepiments..

Much more experimenéation should be performed én
th1s point. It is clinically valuable to use a signal pro-

cxssing technique which provides reliable long term results.

I would be ufeful. to perform a set of experiments in which

-
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the subject willfully maintains various levels of antagonist

! ~ t
activity rather than simply relaxing his antagounist as was

~

done in these experiments.. Such a preliminary experimen}
. ~— .
has been performed involving ten secondmdata sampling se-
acuences for each force level in which the antggonist activity
was eiéper low, moderate or gigh. Althé&gh no quaﬂtitative
assessment was perf;fmed, it was noted that the area en-
compassed by the data cluster for a force level increased /zJ
greatly for higher antagonist activity.

TABLE 5.7 summarizes the results for the combined
six experiments while details are presénted in Fig. 5.4, 5.5
and S.7. The number of levels with 90% confidence (ZAVG Z
90%) isvalso considered. Comparison of signal processing
methods indicates .that SUM is still somewhat 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 ; subject possessing few muscle
control, sites but wishing to perform many different functions,
the 1.0 second window may be useful. The ;ormalized SUM
shows an improvement over SUM at the 95% confidence,ievel.
It may be possible with such a technique to design a pro-

cessor which would provide more levels but ‘'which would\\ﬂ

require periodic calibration.

5.5 The Use of Rectangular Areas

» &
From Section 3.3, it is clear that considerai}e
: -

computation is involved in determining whether of not a point
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is locatgd within an'ellipse. If rectangular arcas arc uscd
’ .

-

with the rcctangle's sides oriented parallel to the BJICEPS-
TR%CEPS axes, the computation involves only simple inequali-
tics. This simplicity is most desirable when develdping a

practical processor for real time applications. A

* Rectangular areas were used to analy:ze the combined

data of the six experiments performed at electrode position

7

Py for method 'SUM using 0.5 sccond windows.. To pé:form a

complete analysigpﬁould have ‘required extensive program re-

writing so only two tests were conducted. '
To begin, the dyght force levels, which were the
o

solution to the previously described ‘analysis (Section 5.3)

with ecllipses, were considcrzz\hsing“recta;gles. With the

aid of the plotting capabilities of the graphics package,

, .
was determined such-that none of

the maximum valu? of PUFF

the rectangles Yoverlapped. It was discovered that for these
) .

rectangles, %AVG = &%6.6% and %MIN = 92.9%. The quality of
these results 1is comparable to that obtained using elliptical
areas (Fig. 5.4(a}).

¢ ~ Secondly, it was fdund that a total of nine force

®

levels could be defined usif@ rectangles with %AVG = 90.8
and %MIN = 88%. These results are inferior’ when compared
to the eleven force lc§els at the 90% confidence mark ob-
tainable using ellipses.

For individuals who have difficulty in relaxing
the antagbnist, variation in the protagonist activity compen-

sating for changés dn the antagonist level may exist while
P ~

v
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maintaining a constant net force. In such a casc¢, it is
. hd ¢ ‘
o, . . ¥
expccted (and has been observc&fxn preliminary experiments)

-

that the ‘activities of the muscle pair increase and decreasc

in unison. However, this covariation should not be assumed
to be lineaxr. The use of a rectangle with sides oriented

-~

parallel to the BICEPS-TRICEPS axes wolild be inférior to the

use of either an ellipse wi}h,its axes tilted at some angle

(AVGLI) relative to the coordinate system or the use of the -

tilted rectangle which encloses the tilted ellipse. When
. - 44
the data has a marked linear trait, the ellipsc of minimum

area was obsétved to be oriented so that one of its axes
. : ¥ '
lay along the ldne of lincar regrg}ﬂﬁon to the data.: In

» -

such casess, the-ecllipse of miﬁﬁnum area had an area which .
wys much smhlle} (as 'small as one-figzeenth) than the’area
of an elldpse o;ientcd with axes parallel to the BICEPS~
ICEPS axes. In these cases, the usec 'of non-tilted rec- «
. -
tangles would be deleterious. The use of xiited rectangles

could provide adequate results with simpler computation than -

-
.

required when using tilted ellipses. Further experimentation

T ——

1s necessary. -

.

’ Although it was observed that rectangles still
“ .
provide 'useful results, some deterioration is noted. However,
it should be possible to achieve a real time processor using
rectangular areas providing a reasonable level of performance,

on the condition that variation in antagonist activity at a

ziven force be small.
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5.6 One-Dimensional Analysis

Many traditional methods have utilized only one
EMG. To assess the performance of a one-dimensional tech-

nique, the data for the triceps signal was considered for

the six experiments at electrode position Pl using method
SUM with 0.5 second windows.

Using the one-dimemsional statistical parameters
MEANT and SDVTf a procedure, analogous to the two-~dimensional

treatment with ellipses, was adopted. Line sé&égments on the
TRIGCEPS axis, representing each level, were é%larged in uni-~
son and overlapping-was recorded. For egfh PUFF value at
which line segments overlapped, the set of minimﬁm force
levels to be discarded, in order go eliminate overlap, wa%gg
determined. ’ -

In this manner, five levels were defined wigh'an
;Yerage percentage of 98% of the TRICEPS values per for?e
Ievel lying withiq the bounds of the associated line segment
and a2 minimum such percentage of 96%. Thus, only three
ad@itional distinct levels were achieved by employiyg the

much more complex and sophisticated two-dimensional analysis

in lieu of the siﬂple one~dimensional processor.

The two-~dimensional processor use$ two muscles t;
achieve its eight levels whefeas the one-dimensional pro-
cessor uséé only one. If a subje;t can be trained to use the
‘agonistgfin an independent manner, it is possible thaf more

.

izvels could be achieved using a one-dimensional processor
Ad &

for each agonist. From our measurements, it was clear

. . « .
~ .
. -
. " ¥

.

e PAviY

Y, bare T,
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that although five levels were obtainable from the triceps
signal, only two additional levels could bg defined for the
flexors and both of these at forces in excess of 4 Kg. The
reason for the poor performance‘with the flexor signal
becomes apparent if it is récognized (Fig._5.7) that the
flexor activity dufing extension is not negligible. .Spuriqus
-activation of the one-dimensional flexor EMG processor would

-

occur unless only the higher levels of flexor EMG were used

as controls. %

&
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS

6.1 Conclusiong

A technique for the measurement and analysis of the
EMG of an agonist mfscle pair has been p?esented. It enabled
the choice of both electrode- position and signal processor so-
as to maximize. the numﬁ%r 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 was not

feasible, the data, compiled for the limited number of experi-
ments with a single subject, yielded some useful observations.
Preliminary qualitative results revealed that for

electrode position P the _EMG of the flexors showed little

2’

s,

change with wrist pronation. This suggested that one posi-

tion was more favourable' than the pther§ for retrieving in-

] - 5
formation concerning the contribution of the flexors to the

net force. For this reason, a set of experiments was designed

~

to quantitafively determine the effect of electrode position
on the number of definable levels. It was found that elec-

trode positions P P, and aklowed the definition of app-

b
17 2 3

roximately the same number of force levels. Position P0 was

~e
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. *
inferior. 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. T;e average number of forée levels for each processor
was calculated and this value was used to assess tﬁe relative
performance of the processors. Method SUM proved to be the
superior signal processor followed closely by method SUit.

The methods employing a measure of the P-P amplitude were in
general superior to the power law techniques. RAVG was the
best of the power law techniques examined. Electrode position
Pl in combination with method SUY provided the largest number

of distinct levels (fifteen levels). More levels could be‘

"defined if 1.0 second 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 leveI;
were definable. It was postulaéed that the dramatic decrease
in the number of definable leQels,»when copi9us data is con-
sidered, was bécause tﬁe agonists established a short term
balance or near equilibrium muscle tension»level. One mea-
surement would thén be only representative of the statistiéal
properties 6f the EMG's for the pafticular‘equilibrium
attained. The muscle pair could'achieve the same net force

by using any eof the numerous combinations of agonist tension.

It was observed that data for different experiments and even

-
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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 sampling sequence. *

Another reason for the great reduction in the number
of levels when data is combined from several experiments
could be the day tg day emotional and physiglogical state of
the subject. The variation in the subject's emotional or
physiological state may effect his cont%ollability of the
antagonist activity and it's fluctuations even though net
force may sbe controllable. Since the agonlsts assume near
equilibrium during any ore measurement, it is absolutely
essential*to consider a large number of measurements to
obtain an accurate representation of the st;tistical varia-
tions. Experimenters must be cautious when drawing conclu-
sions from limited data.

Dorcas et al [8] [9] found that three levels couid
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 twé agonists for

separate control signals. The subject would also be required

.to develop the skill of using the agoniscs in an independent

fashion. VWe considered a simple one-dimensional controller

Zor the extensor EMG that permitted five levels. If the

-

extensor was used in this manner, problems arosc when attempting

L 4

-
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to use the flexor for a separate cgntrél signal. W£tﬂ the
flexor as the protag;nist unwanted triggering of the ex-
tensor processor could occur. This triggering 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 number,of definable force levels considering
the comhined data foT six experimenfs was found usiné‘l.o
second windows. SUHM provided ten levels while RAVG allowed
niﬂe. The lengthening of the window has the disadvantage
‘that.system response 1s more sluggish.

A primitive normalization scheme was also tested

s
on method SUM and an improvement from eight to ten levels
was found when using 0.5 second windows. Although normali-
zation is promising, some additional computation is requiréd.

When the data-for three different electrode posi-
tions was considered, a combined total of ten }evels was
achieved_using SUM with 0.5.second'windows. , This indicates
that the magnitude of the means of the DISTILLED data are
approximately constant over a wide area and by using these

N
techniques, it may be possible to design a signal processor
which is relatively insensitive to electrode placement.
Z\e The use of SNR to assess the relative performance
of procCessors was found to produce results inconsistent with
‘those obtained using the number of hefinable force levels

as a figure of merit. Since SilR does not contain information

concerning the signal processor's sensitivity to changes in
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the EMG, it is considered to be a poor parameter with which

1
to assess performance. -

6.2 Suggestions for Further Work

HMany more experiments should be perférmed to ac-
quire an extensive data base. The effeet of electrode\posi—'
tion should be studied for both agonists. The relative per-
formance of processors should be agsessed for a large number
of experiments. Many individuals should be studied to
determine if there is any pattern relating 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 were sampled
and stored simultaneously, énalysis of the samples would -
provide a useful techhique for studying the effect of
electrode positiog'since uniform conditions would prevail.

It is felt that the experimental procedure and the
eleg?ronics presented provide adequate signal integrity when
the arm 1is ;tationary. 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 ﬂy 50% or more with the current design but further
reduction would require the design of an integrated circuit
without exterhal components. By using the chip for the

instrumentation amplifier which we employed, a hybrid circuit

could easily be realized that would be most effective.
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In retrospect, it‘is éelt that some of the analysis
techniques employed weye unnecessarily complex. Rather than
allow all ellipses to enlarge in unison, it would have been
simpler, and superior from the point of view of realizing
more levels, to determime the enlargement factor necess;ry
for each ellibse to envelope 95% of the DISTILLED data points.
Overlapping ellipses could then be discarded so that the

maximum number of distinct ellipses remain. Future efforts

which employ the same methods which we did could improve on

them by choosing the best of all the available sets of mini-
'Y\
Pt

mum elements. The best set could be choosen as the one which
maximizes %AVG. .

Although the use of regtangles, with sides paralkel
to the flexor-extensor axig, 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
activity varies. A study of the performance of "tilted"
.rectangles enclosing .the solution ellipses should be made.

Both methods SUM and RAVG could easily be realized
employing one of the many currently available microprocessors.
The greatest drawback in the use of the ellipse is that deter-
nining whether or not a point lies within an elliése in?olves
time consuning nultiplication. The use of a microprocessor
with interrupt capability_wquld allow such lengthy calcula-
tions "to be pérformed periodically with simultaneous signal
sampling. 1If necessary, a currently available microprocessor

T
5erforming rapid multiplication (17 us) or a one.chip ;
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murltiplying anit (300 ns) could be used. If tilted, or
- -f
better still, non-tilted rectangular areas were adequate,

the «etermination of whether or not a point is lying within

N
~

a certain region would be extremely simple. Using rectan-
gular areas, a large number of agonists could be monitored
using one microp}ocessor,.thereby achieving good performance/
weight, performance/cost and perforﬁance/bulk ratios.

Another desirable feature fo; signal processing
. would be the use of sliding windgws which slide by perhaps
0.1 seconds. In using these windows, SU.l or RAVG metho%i;
would be evaluated for each 0.1 second interval and the data
stored to 9e used in calculating SUHM or RAVG over the entire
0.5 second}w%ndow. ItT would therefbre be necessary to store

’

five such values for each EMG at any one time. This would
only slightly increase the ra;dom access memory requirements
.of the system and provide a more respbnsive controller.
RAVG has the advantage that it may be realized
using analog components. If it is desired to monitor the
activity from a large number of agonists, analog processors
could be used to determine the rectified average for each
muscle., The microprocessor could sample the outputs of this
large number of analog ﬁrocessors at a low sampling rate.
It may, however, prove to be more desirable to use more than

one processor 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, suppo?&ing‘é fraction of the upper body weight. In this

>

configuration, agonist muscle activity, for a given net force,
can vary due to reaction force (Milner, private communication
(24)). Simply 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.
s

Ll
Since this was not done in our experimentation, the varying reac-

tion force is another possible cause of the deterioration’

e -

>

observed in our results when the data for many ten second

sampling intervals (each interval with perhaps a different re-

action force) were combined. It is suggested that this factor

be considered when designing future similar experiments.
) L <
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